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INTRODUCTION

Russel | L. Wheeler'
Departnent of Geol ogy and Geography
West Virginia University

Mor gant own, West Virginia 26506

and

Claude S. Dean 2
U S. Department of Energy
Mor gant own Energy Technol ogy Center
Box 880
Mor gant own, West Virginia 26505

On April 6, 1978, a synposiumon "Western Limts of Detachment and Related Structures in the
Appal achi an Foreland" was held at the meeting of the Southeastern Section of the Geol ogical Society
of America, in Chattanooga, Tennessee. The purpose of the synposiumwas to furnish results of
recent work to contractors of the Eastern Gas Shal es Project (EGSP), and to explorationists
general ly. The work summarized dealt with fracture systems related to detached (thin-skinned)
structures, at or near the western limt of detachnment in the Appal achian Basin. Mst but not all
papers focused on the fractured Devonian shaly sequence that is the subject of EGSP's work.

The papers in this volunme are published as received, without review, from canera-ready copy,
and constitute the proceedings of that synposium  Some pertinent papers not presented at the
symposi um are also included. W have added footnotes to indicate address changes, citations of
publ i shed papers that were in press or in review when copy was received, etc. To maxim ze
exposure and dissenmination of ideas, we have encouraged authors to publish el sewhere also. Were
we know of such other publications, they are listed in footnotes.

After two general papers, the others follow in northeast-to-southwest order. W hope that the
findings, data, and ideas reported in this volune can aid exploration for fractured gas reservoirs,
both near the western limit of detachnment, and as exploration expands eastward from present
production into areas where the Devoni an shaly sequence is deeper and nore likely to be detached.
These papers may al so be useful in exploration el sewhere and in rocks of other than Devoni an age,
in the Appalachian and other overthrust belts.

The personnel, contractors, and coworkers of EGSP have published nuch additional information on
fractured reservoirs, mostly in shaly rocks of Devonian age in the eastern United States. Short
summaries of the problens attacked are given by Weeler and others (1976) and Aguilera and van
Poolen (1979). Details are in proceedings or preprints of annual EGSP neetings: Shuneker and
Overbey (1976), Schott and others (1977) , Anonynous (1978), and Barlow (1979). A list of open-file
material is available from Dorothy Sinmon, Librarian, Eastern Gas Shales Project, Mrgantown Energy
Technol ogy Center, U. S. Departnent of Energy, P. 0. Box 880, Mrgantown, W 26505. Other material
has been and is being published continually in journals and by EGSP.
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POSSIBLE INTERACTION BETHEEN THIN-SKINNED
AND BASEMENT TECTONICS IN THE APPALACHIAN BASIN
AND ITS BEARING ON EXPLORATION FOR FRACTURED RESERVOIRS
IN THE DEVONIAN SHALE

C aude S. Deanland Wlliam K. Overbey, Jr.
U S. Department of Energy
Mor gant own Energy Technol ogy Center
Box 880
Mor gant own, West Virginia 26505

ABSTRACT

The Devoni an shal e of the Appal achian Basin is an enornmous, virtually untapped resource of
natural gas. Production rates are low, even better wells are narginally econonic. Mst of the gas
produced arrives at the wellbore via natural fractures; the direct contribution fromthe shale
matrix, where nost of the gas is held, is mniml. Hence, exploration for highly-fractured areas
within the shale is a nost inportant aspect of the Department of Energy's Eastern Gas Shal es
Program  Fracture perneability is primarily the net result of jointing that occurred follow ng
consol i dati on. Jointing ideally occurs whenever fluid pore pressure exceeds the m ni mum conpressive
stress (03) by the tensile strength (K) of the rock, provided o; - a3 < 4K. Consequently, the
formation of joints, which show evidence of being tension fractures, is not depth restricted (Secor,
1965) . Carbonate mineralization of many natural fractures seen in Devonian shale core testifies to
the role of fluids. Thus, joints, originating as natural hydraulic fractures, are oriented
perpendi cul ar to the prevailing o4 and provide a cumulative record of stress history. Wére they
exposed, itshould be possible to unravel the tectonic history of the shale by establishing a
relative chronology anobng sets. In practice, the explorationist must reverse the process. Usi ng
the tectonic histories of nmarginal areas and the underlying basenent as boundary conditions, he is
forced to synthesize a tectonic history for the Devonian shale and utilize it to predict ensuing
joint patterns, fromwhich he hopes to |locate concentrated fracturing. Finite elenment stress
analysis is a powerful technique for calculating stress trajectories and intensities, but ignorance
of tectonic influences severely limts its application. Of particular significance are possible
interactions between thin-skinned and basenent tectonics.

| NTRCDUCTI ON
The purpose of this paper is threefold:

1. To introduce the reader to the U S. Department of Energy's (DOE) Eastern Gas Shal es Project
(EGSP), which is the tacit incentive for this synposium and under the auspices of which these
proceedi ngs are being published.

2. To offer sone fundanental insights on jointing in the Devonian shale fromthe point of view of
rock mechani cs.

3. To discuss how a grow ng understanding of the thin-skinned and basement tectonics of the
Appal achi an Basin should influence exploration for natural gas fromthe Devoni an shal e.

The conmmon thread that unifies these seenmingly disparate topics is natural fracture systens in
the Devonian shale, the presence of which the authors judge to be critical to conmercial natural gas
producti on.
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DEVONI AN SHALE

Dwi ndl i ng reserves of natural gas are an inportant aspect of the nation's energy crisis, but
one, conmonly overlooked with the current focus on scarce oil supplies. Yet, natural gas currently
suppl i es about 30 percent of our national energy needs. Yearly consunption is about 20 tcf
(trillion cubic feet). At projected rates of gas discovery, demand could outstrip domestic supply
by 10 tcf per year or nore by 1990. Consequently, unconventional resources of natural gas are
receiving closer scrutiny than ever before. One such is the Devonian shale of the Appal achian,
Illinois, and M chigan basins.

"Devoni an shale" is the termdrillers enploy to refer to all fine clastic strata intervening
between the | ower M ddl e Devoni an Onondaga Linmestone and the Lower M ssissippian Berea Sandstone, or
their equivalents. \Were it overlies the Berea, the dark Sunbury Shale is also included. Thus, the
term conprises the bul k of the Devonian section in all three basins and includes some | ower
M ssissippian strata as well. Figure 1 shows the wi de distribution of Devonian shal e across the
eastern half of the United States. The thickness of the conprised section ranges within the
Appal achi an Basin fromless than 1000 feet in the west to nore than 7000 feet in the east; it is on
the order of a few hundred feet in the other two basins. Because of their capacity to generate
natural gas under favorable geol ogical conditions, the dark, organic-rich shales are of particul ar
economi ¢ interest; though, over nuch of the Appal achian Basin gray shale and coarser clastics
dominate the section. The proportion of dark, organic shales varies fromover 80 percent in the
western basins to about 10 percent in the eastern portion of the Appal achian Basin. \Were it crops
out the Devonian shale has historically been subdivided into naned stratigraphic units. Sone of the
nore famliar names ‘are Hamilton, Marcellus, Chattanooga, Chio, New Al bany, Antrim, etc.

RESOURCE POTENTI AL

Despite its novelty as an inportant unconventional resource of natural gas, commercial Devonian
shal e gas production is as old as the industry itself. Fredoni a, NY, 1821, the first gas well
drilled in the United States produced from Devonian shale at a depth of 27 feet. Subsequently,
natural gas for |ocal consunption has been profitably extracted from hundreds of Devonian shal e
well's drilled to depths of a few hundred feet along the southern shore of Lake Erie. In the nore
than 150 years that have el apsed since the drilling of the first Devonian shale gas well, commrercial
gas production from Devoni an shal e has been established fromscattered areas in all three basins.

Bi g Sandy, the |argest Devonian shale gas field (also the largest gas field in the eastern United
States), covers nost of eastern Kentucky and includes parts of West Virginia, Virginia, and Chio.

Yet, natural gas from Devoni an shale constitutes but the nminutest fraction of the total
consumed in the United States. Conmercial gas producers have never considered the shale to be a

prime drilling target to be conpared with the traditional sandstone and carbonate reservoirs, but
only marginally econonmic at best. The reason becones evident upon conparing production decline
curves (figure 2). The rate of production fromwells conpleted in conventional reservoirs is

initially nuch higher, often by an order of magnitude, than from those conpleted in the Devonian
shal e. The rate of production decline, however, tends to be nuch |ess for Devonian shale wells than
for sandstone orcarbonate wells. Although cunul ative production from Devonian shale wells nay
ultimately exceed that from conventional wells, the relatively long payout time and | ow annual

return on investnent makes the former economcally unattractive relative to the latter. Regul at ed
gas prices coupled with high inflation aggravate the situation.

Neverthel ess, the Devonian shale is an enornous resource of natural gas, as yet virtually
untapped. Up to 15 cubic feet of gas may be contained in a ton of black shale. Estimates of total
gas-in-place vary from300 to 900 tcf, and these nmay be conservative by a factor of two or three.
Mre inmportant and nore difficult to estimate is the amount of gas economically recoverable fromthe
Devonian shale. That depends on a number of largely inponderable factors, such as future price and
unforeseen technol ogical advances. Esti mat es have ranged widely froma very pessinmstic 10 tcf
to a very optimstic 500 tcf. A couple of hundred trillion cubic feet (tcf) would appear to be a
reasonabl e conpromise, but that is equivalent to a decade's gas supply at current consunption
rates. Total historic production is estimted to have been about 3 tcf.

Expansi on of Devonian shale gas reserves within the confines of the total resource is dependent
on three factors: economics, technology, and geology (figure 3). Sinply stated, economics equals
price.  The higher the wellhead price of gas, the greater will be the incentive to drill the
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Devoni an shale, even in the face of |ow production rates. Extraction technology is critical to
exploiting the shale, as nost Devonian shale wells produce negligible quantities of gas prior to
stimul ati on. Ceology or, more precisely, the exploration for environments favorable to the
production of gas fromthe Devonian shale is the object of this paper and, indeed, this synposium

The U.S. Departnent of Energy's (DOE) Eastern Gas Shales Project (EGSP) was initiated in 1976
and now continues as an integral part of its nationwi de Unconventional Gas Recovery Program  The
EGSP ains to promote further commercial devel opnent of natural gas supplies fromthe Devonian

shal e. It has two principal enphases that essentially correspond to two of the above-nentioned
factors on which shale gas reserves depend: Resource Characterization and Eval uation (Geol ogy) and
Extraction Technol ogy Devel opment, Testing, and Verification (Technol ogy). Responsibility for the

third factor (Economcs) falls outside the scope of the project; that belongs to the regulatory arm
of DOE.  Exploration Research and Devel opment is an inportant ongoing activity under Resource

Characterization and Evaluation. It represents the practical application of resource quality
information to the selection of optinum areas, and even sites, for extraction technol ogy
denonstration projects. The goal of this synposiumis to illumne the tectonics of the Appal achi an

foreland in such a way as to reveal pronising exploration rationales for the Devoni an shale.
PRODUCTI ON FROM FRACTURED RESERVO RS

In driller's parlance the Devonian shale is an extrenely "tight" formation, meaning that
natural gas does not easily flow to the wellbore as it does in sone of the nore perneabl e sandstone
reservoirs. In fact, the matrix perneability of the shale is so lowthat it is measurable only in
fractions of a microdarcy (Snith, 1978). R. D. Smith (personal communication) estimated that it
takes perhaps 30 years or nore for a nolecule of gas to nmove through one centineter of shale under
the impetus of the pressure gradient existing in a typical Devonian shale well. Matrix perneability
alone is thus not anywhere near sufficient to account for existing Devonian shale production. No
known means of artificial stimulation is capable of inducing gas production froma formation with
such a low matrix perneability, if that is the only avenue available for gas transport. Matrix
perneability that low is presunptive evidence that where the shale produces natural gas the total
formation perneability nust be very greatly enhanced by natural fractures. Fractures provide
addi tional surface area through which to drain large volunes of matrix, albeit slowy, and act as
conduits leading eventually to the wellbore.

Ot her evidence and lines of reasoning also yield the conclusion that Devonian shal e production
is from fractured reservoirs. Figure 4 conpares average production decline curves for Devonian
shale wells differentiated according to open flow (i.e., initial open flow after stinulation).

There is a high degree of variability in the perfornmance of Devonian shale wells, but, a consistency
in the pattern of decline. Wells with high initial production decline rapidly during the first
several years of production, but then they progressively level off, eventually reaching a near
steady-state with an inperceptible rate of decline. Wlls with lowinitial production decline very
little, but reach the near steady-state early in life. The higher the initial production, the
higher will be the level of the near steady-state production. Devonian shale wells commonly display
hyperbolic production decline, as opposed to the nore conventional exponential decline. Al this
behavi or is thoroughly consistent with P. J. Brown's (1976) nodel in which the total volune of gas
in the Devonian shale (Vp) is held in three distinct ways:

1.V, = Free gas retained in fractures.
2. v2 = Adsorbed gas on the walls of fractures.
3. v3 = Absorbed gas within the shale matrix.

Vi gas accounts for the initial "flush" production of Devonian shale wells, but it is soon replaced
by sl ower devolving V, gas. Production of Vg gas is linited by diffusion through the virtually

i mpermeabl e shale matrix and it can only be produced on reaching the nearest fracture connected to
the wellbore. V4 gas constitutes by far the greatest proportion of Vg, as suggested by the near
steady-state portion of the production decline curves.

To characterize the Devonian shale and evaluate its natural gas resource potential, the EGSP
has undertaken an anbitious coring programin the Appal achian, Illinois, and Mchigan basins. Fifty
cores have been recovered to date. A few are highly fractured; nost are only noderately so; sone
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are virtually unfractured. Though much data renmain to be conpiled and anal yzed, the cores do
provi de sone unanbi guous, direct evidence of the dependency of gas production on natural fractures
in the shale.

In 1975 the EGSP and the Consolidated Gas Supply Corporation (CGSC) (see Martin and Nuckol s,
1976) cooperatively cored two wells in the Cottageville (M. Alto) Devonian shale gas field in
Jackson and Mason Counties, West Virginia (figure 5). The wells are | ocated on opposite sides of
the field: CGSC 11940 L. A. Baler to the south and CGSC 12041 W L. Pinnell to the north. CGSC
11940 had a natural open flow of 1,100 MCFD (thousand cubic feet per day) and was conpleted as a
natural producer, that is, without any form of artificial stinulation. CGSC 12041 had no
di scerni bl e natural open flow and was conpleted as a marginal producer following a "large-scale foam
fracture" treatment (Frohne, 1977), after which the absolute open flow potential was only 173 MCFD.

Figure 6 shows the section of the ganma ray |og from CGSC 11940 that includes the cored
intervals. The highly radioactive, organic-rich "Zone Il" shale as designated by Martin and Nuckol s
(1976) (now known to correlate with the Lower Huron Shale of Chio) is the primary producing interval
in the Cottageville Field. Fracture orientation data, derived fromthe oriented core and displ ayed
inrose diagramform are correlated to the gamma ray log in figure 6. The relationship between
fracture orientation, stratigraphic interval, and gas production is a striking one. The dom nant
fracture orientation in the core is N45E. Between 3700 feet and 3790 feet, however, the EGSP core
| oggi ng team (Byrer, Trumbo, and Rhoades, 1976) recorded both a substantially greater number of
fractures and a far greater diversity of orientations than in the rest of the core. It was this
interval within "Zone I1" that was responsible for the 1.1 MMCFD (million cubic feet per day)
natural open flow from CGSC 11940.

At the time the CGSC 11940 core was processed, the practice was to log fractures indiscrim-
nately on a per foot basis. On cl ose exami nation of fractures in shale cores recovered subsequent!ly
in the program the senior author and others (Kul ander, Dean, and Barton, 1977) realized that many
of the fractures were coring induced. There are several recognizable types of these coring induced
fractures. One of the nore common is a vertical fracture with a relatively snmooth planar surface
that tends to track down the center line of the core, bisecting it into two equal parts. This is
the "centerline" portion of the "petal-centerline" coring induced fracture of EGSP usage (Kulander,
Barton, and Dean, 1979, p. 134). This type of fracture proceeds into the core fromthe margin at an
angl e of about 45° fromthe vertical and curves downward ("petal" portion) to conformto the center-
l'ine, whence it continues downward by discrete extensions. Though the mechanics of petal-centerline
fractures are conplicated (GangaRao, Advani, Chang, Lee, and Dean, 1979), their orientation reflects
the anisotropy of the nodern in situ stress field and thus tends to be faithfully consistent within
a given core. The authors are certain that most, if not all, of the N45E striking fractures are
coring induced centerline fractures. The CGSC 11940 core is no longer intact, so this assertion
cannot be proved directly. The indirect evidence, however, is overwhel m ng:

1. Uniformstrike over an appreciable interval is characteristic of petal-centerline fractures.

2. Photographs of the core reveal unnistakable petal-centerline fractures. Figure 7 gives an edge
vi ew of one; the face of another is revealed in the | eft hand portion of figure 8.

3. Afracture strip log of the core shows diagrammatic representations of what can only be petal-
centerline fractures throughout nost of the cored interval.

The diversely oriented fractures in the 3700 to 3790 interval (figures 9 and 10), however, are
certainly of geologic origin. Only within that interval did Byrer, et al. (1976) record mineralized
(dolomite) fractures, an observation subsequently confirned and expanded by Patchen and Larese
(1976, p. 7) and by Larese and Heald (1977 , pp. 19-22) (see figures 11 and 12).

In contrast to the CGSC 11940 core, the CGSC 12041 core was virtually devoid of fractures.
Those few that were observed all strike N65E and are probably coring induced centerline fractures.
Thus, the two EGSP core wells in the Cottageville Field, less than 5 nmiles apart, serve as dramatic
contrasting exanpl es of the dependency of Devonian shal e gas production on natural fractures, and
especial ly intersecting, interconnected natural fracture systens.

OCRIG N OF NATURAL FRACTURES

Wat is the true nature of these all inportant natural fractures? Are they a highly localized
phenonmenon, in which case Devoni an shale production will be forever confined to the few areas where
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fractures occur? O, are they ubiquitous, variations in fracture density accounting for the
di stinction between traditional producing and nonproducing areas?

Qutcropping dark, organic-rich Devonian shale is conspicuously jointed, typically displaying
one or two systenmtic sets and a correspondi ng nunber of associated nonsystematic sets. Systematic
joints of a given set are characteristically highly regular, i.e., evenly spaced, planar, and
smooth.  Visual conparison suggests that black shale units are nmore highly jointed, certainly nore
regul arly and obviously jointed, than superjacent and subjacent gray shale units. The great
majority of joints contained in a given black shale unit termnate at the upper and | ower contacts
with gray shale. (The senior author observed the foregoing on a field trip through central and
west ern New York; Patchen and Dugol insky, 1979.) Do these joints exist at depth? Are they the
source of gas productive fracture perneability in the Devonian shale of the subsurface?

A common misconception, espoused by several respected textbooks, holds jointing to be a near-
surface phenonenon, prinarily the result of erosional unloading of buried rock masses. The
reasoni ng generally goes as follows:

1. Joints are tension fractures, as indicated by several lines of evidence

a. Inperceptible offset of pre-existing geologic features

b. Tendential features (visible when joints are viewed edge-on) that are diagnostic of tension
fractures (Kul ander, et al., 1979).

c. Transient features (visible when joints are viewed face-on) diagnostic of tension fractures
(ibid).

2. True tensional stresses cannot persist below very shallow depths in the earth's crust, depths on
the order of a few hundred feet, because of the effect of the lithostatic gradient.
3. Therefore, jointing is a near-surface phenonenon

The fallacy in this line of reasoning lies in the assunption that only true tensional stresses can
cause rocks to fail in tension.

Figure 13 depicts the conposite failure envelope for brittle materials, including rocks,
together with the Mohr's Circle representation of stress. If conpressive stress is defined as
positive with values increasing to the right, Mhr's circles representing possible stress states in
the earth's crust (conpressive stresses only) are confined to the right of the ordinate. The
di agram shows that those circles large enough to contact the conposite failure envel ope do so only
in the linear portion. The resulting ruptures are shear failures (i.e., faults); tension failures
are inpossible

Rocks, however, do not fail in response to absolute stress; they fail in response to effective
stress (Jaeger, 1962, p. 166; Hubbert and Rubey, 1959), which is related to absolute stress in the
foll owing nanner

og=0-p (L
wher e

o = effective stress

o = absol ute stress

p = the pore pressure exerted by interstitial fluids
In any geol ogi ¢ environnment where the fluid pore pressure is greater than the absolute stress, this
relationship states that the effective stress will have a negative sign and, thus, be tensile. The
rel evance of that conclusion to the formation of joints can be seen in figure 14, where the normal
stress axis is relabeled to read effective stress (o) rather than absolute stress (o). In this

reference system for a given absolute stress state remaining constant, increasing pore pressure has
the effect of displacing the Mohr's circle to the left, eventually driving it against the failure

envel ope. If_the circle, the diameter of which is equivalent to the maxinum stress
difference (o, — s = a,~ a.),,is sufficiently small, it will contact the envel ope where it crosses
the abscissa, %o tﬁe le%t of "the ordinate, and tensile failure will result. I nasnuch as the point

of tangency occurs on the abscissa, the angle 20 between the conpressional axis and the radius to
that point will equal 180°, inplying that the angle between the fracture plane and the | east
principal stress will be 90°. In sinpler terns, figure 14 predicts that tensile fractures or joints
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can occur in rocks under conditions of elevated interstitial fluid pore pressure, provided the

anbi ent stress anisotropy is relatively small; It further predicts that they are created in an
orientation perpendicular to the direction of the mnimm conpressive stress. Thus, the mechanics
of geologic jointing can be viewed as exactly anal ogous to that of artificial hydraulic fracturing
(see Hubbert and WIlis, 1957 for discussion on hydraulic fracturing nechanics). The nost inportant
consequence of this conclusion is the perception that jointing need not be a depth limted
phenomenon.

This insight on the fundanmental mechanics of jointing is not original with the authors. Donal d
T. Secor (1965) originally proposed it; though, it is not yet universally accepted. Hi s exposition
of what could be termed "the hydraulic fracturing theory of jointing" is nore highly devel oped than
the foregoing. In figure 15, an adapted version of Secor's (1965) figure 3, the normal stress axis
(abscissa) on both sides of the shear stress axis (ordinate) has been graduated in nultiples of "~
K, " the tensile strength of any rock under consideration. The conposite failure envel ope crosses
the normal stress axis at -K. = Hence, fromfigure 14, the condition for jointing is:

33 = K (2)
wher e:

53 = the |east effective principal stress
and, as before,

-K = the tensile strength of the rock.

Figure 15 shows that when displaced to the left by elevated fluid pore pressure, all Mhr's circles
smal ler than a certain critical dianeter are capable of initially contacting the conmposite failure
envel ope at =K, where it crosses the abscissa. Mst larger circles initially contact the failure
envel ope to the right of the ordinate, with the result that faulting, rather than jointing,

occurs. The critical circle is centered at +K and crosses the abscissa at +3K, as well as at =K.

I nasmuch as that circle has a dianmeter of 4K, the criterion for jointing may be stated as foll ows:

jointing occurs when

03=o3—p<-—K (3)

or equivalently
p -~ 0'3 > K (4)

provi ded that

g, — 0O

) o, - 0, < 4K (5)

371 3

O, alternatively stated, jointing occurs whenever the interstitial fluid pore pressure exceeds the
m ni mum princi pal conpressive stress (absolute) by the amount of the tensile strength, provided the
maxi mum stress difference does not exceed four tines the tensile strength.

What evidence is there to support the contention that the natural fractures responsible for
nost gas production fromthe Devonian shale of the Appal achian foreland are joints created in the
manner described above? Natural fractures observed in Devonian shale core fall into one of three
categori es: slickensided, mneralized, and unfilled. Sli ckensided fractures are clearly not
joints, but faults, having experienced |ateral displacenent at sone point in time. High-angle
slickensided fractures are rare. Lowangl e slickensided fractures are rare to nonexi stent
throughout nuch of the Appal achian Plateau, but they become conmon in the folded plateau and
increase dramatically toward the Al egheny Front. They qualitatively reflect the degree of
detachment activity in the Devonian shale. The role of slickensided fractures in Devonian shal e
production is as yet uncertain and the subject of some debate. Al though sone of the slickensided
fractures are also mneralized, nost of the mneralized natural fractures observed in Devoni an shal e
core show no evidence of lateral displacenent, i.e., no trace of slickensiding and no offset of
bedding or pre-existing fractures. Faint radial and crescentic markings, characteristic of joints,
however, are often discernible on the planar faces of both the unfilled and the mineralized
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fractures. These are the transient fractographic features described and discussed at |ength by
Kul ander, Barton, and Dean (1979). These fracture face markings are diagnostic of extensile
fracturing, i.e., jointing.

That nmost of the joints in Devonian shale coreare mineralized (primarily calcite and/or
dolomte), at least to sone degree, is nute testimony to the presence of aqueous fluids at some
point in their geologic history. The joints cannot be true tension fractures resulting from
erosi onal unl oadi ng, because npbst of the EGSP Devoni an shale cores were extracted from depths of
several thousand feet, depths that are an order of nagnitude greater than those at which true
tensile stresses can exist in the earth's crust. Mreover, since deposition, each Devonian shale
unit has been subject to nearly continuous and often rapid burial until the onset of the mpbdern
cycle of erosion initiated by the Alleghenian Orogeny. Also, the introduction of mineralizing
fluids into these joints is hardly unrelated to their creation, since:

1. The walls of mneralized fractures in the Devonian shale are commonly separated by the mneral
filling to a noticeable degree, 1 to 3 mmor nore, inplying that the mneralizing fluid was
under pressure, forcing the fracture open while mneral nmatter was precipitating on the walls.

2. In certain instances the nineralization has a noticeably linear fabric, a seni-fibrous
appearance, that is oriented perpendicular to the plane of the fracture, inplying that
di stension of the fracture and mineralization occurred concurrently.

G ounds exist for inferring that the fractures were created and mneralized after the
lithification of the Devonian shale, but prior to the establishment of the mbdern geol ogic
envi ronnent . They cannot be penecont enporaneous with deposition, because they are true brittle
fractures, as indicated by their generally planar habit and the diagnostic face markings. To behave
as a brittle substance, the shale had to be at |east well consolidated, if not indurated. On the
other hand, no detectable nineralizing fluids have yet been encountered during coring operations,
whi ch accords with the reputation the Devoni an shale has anong drillers and producers of being a
water-free formation. Moreover, most nineralized fractures are now so conpletely so, as to be

virtually inmperneable to aqueous fluids (though presunably not to gas). Thus, nost of the jointing,
or extension fracturing, in the Devonian shale probably occurred during the waning stages of
dewat ering, but not until induration was well advanced.

CONCLUSI ON AND SYNTHESI S

The Devoni an shale of the eastern interior basins is a potentially major resource of natural
gas, largely unexploited because of its exceedingly |ow perneability and consequently |ow average
per well production rates. The weight of evidence, acquired under or nade avail able through the
Departnent of Energy's (DOE) Eastern Gas Shales Project inpels the authors to conclude that natural
fracture systems are indispensable to Devonian shale production, even with mbdern well stinulation
technol ogy. The natural fractures to which production can be attributed appear for the npst part to
be joints rather than faults, i.e., extension fractures rather than lateral displacenent
fractures. Wth the recognition that rocks fail under effective stress rather than absolute stress
cones the realization that there is theoretically no linmt to the depth at which jointing can occur,
provided the internal fluid pore pressure exceeds the minimm principal stress (conpressive) by the
amount of the tensile strength of the rock and the maximum principal stress difference is not
greater than four tines that amount. Carbonate mineralization typical of extension fractures
observed in Devonian shale core bears nute testinony to the role of pressurized fluids in their
creation. The authors, therefore, conclude that the natural fractures essential to production from
Devoni an shale are donminantly joints that originated as natural hydraulic fractures, induced by
excessive fluid pore pressure that built up at various times during its post-depositional history.

These natural hydraulic fractures, like their artificial counterparts, must have aligned
thensel ves parallel to the plane of the two then prevailing maximum principal stresses, i.e.,
perpendi cular to the mninmum principal stress. Thus, joints in the Devonian shale represent a
cunul ative, though fragmentary, record of its stress history. This hypothesis suggests an
exploration strategy for fractured reservoirs in the shales. Wre it exposed at the surface, it
shoul d bepossible to unravel some of the tectonic history of the Devonian shale by establishing a
rel ative chronol ogy anmong joint sets (see Kulander, et al., 1979). For the shale in the subsurface,
perhaps the process can be profitably reversed. Using the tectonic histories of marginal areas and
the underlying basement as boundary conditions, the exploratlonist should try to synthesize a



8 POSSI BLE | NTERACTI ON BETWEEN THI N- SKI NNED AND BASEMENT TECTONI CS. . .
tectonic history for the Devonian shale and use it to predict potentially resulting joint patterns,
fromwhich he could identify likely areas of concentrated fracturing.

Of particular concern to the Devoni an shale explorationist in the Appal achian Basin are
possible interactions between the zones of influence of cover-restricted detachnent (thin-skinned)
tectonics and basement tectonics. Overbey (1976) was intrigued by this possibility follow ng his
discovery that the near-surface, maxinmum horizontal in situ principal stress, which seens to have a
regi onal east-west orientation throughout much of the Appal achian Basin, was reoriented over the
Rome Trough, a buried rift system to conformto its strike.

The authors fornulated two supposedly conpeting hypotheses to explain this phenonenon. The
basis for each was some postul ated interaction between thin-skinned and basenent tectonics. Both
hypot heses presune the existence of buried normal faults that narkedly offset the basement
unconformity in relationship to the total thickness of the sedinentary cover (see Harris, 1975 and
1978, also Kulander and Dean, 1978). They differ in the proposed manner by which the buried faults
interact with the detachnent tectonics characteristic of the Appal achians. The'buried fault
buttress model"(figure 16) postul ates a passive basement with a pre-existing normal fault and an
actively sliding cover. The"buried fault slip model"(figure 17) postul ates a passive cover under
the influence of detachment related | ateral stress and a rejuvenated normal basement fault slipping
a snall fraction of the ambunt of the total pre-existing displacenent.

To evaluate the plausibility of the two hypotheses the EGSP | et a snall contract to West
Virginia University (WU for Professors S. H Advani and H V. GangaRao of the Engi neering and
Applied Science Departnent and their student to conduct finite element stress analysis on the two
i dealized models (figures 16 and 17). I nvol ving a high-speed conputer, finite el enent stress
analysis is a nmeans of solving for the conplete state of stress (intensity and orientation) at any
point within a continuous medium given boundary conditions and physical properties. The results of
this investigation, which in the |arger sense was also a feasibility study on the application of
finite el ement stress analysis to tectonic problens, were summarized in a paper presented at the
First Eastern Gas Shal es Synposi um (Advani, GangaRao, Chang, Dean, and Overbey, 1977). From a
strictly theoretical viewpoint, both of the npbdels turned out to be equally plausible explanations
for the in situ stress reorientation observed at the surface. The output of the NASTRAN conputer
program which performed the analysis, enabled S. H Advani and conpany to contour stress intensity
in the cross-sectional view of the two nodels, figures 16 and 17. The horizontal stress intensity
contour plots for the two nodels both displayed a near-surface zone of relative tension over the
buried basement fault. Had the nodel s been fornulated in three dinensions, this condition would
have been manifested as a reversal of the relative magnitudes of the two horizontal principal
stresses, which is equivalent to the in situ stress reorientation observed in nature.

Though the two nodel s predict indistinguishably simlar surface stress configurations, the
predicted subsurface configurations differ very significantly. Stress intensity plots for the
buried fault slip nodel (figure 17) reveal subsurface zones of |ow stress and even relative
tension. Were conditions corresponding to those of the buried fault slip nodel to have occurred in
nature, the equivalent zones woul d have been ideal sites for concentrated jointing, i.e., natural
extensional fracturing by the mechani smdescribed in the preceding section.

The question yet remains, which of the two proposed hypotheses idealized in the cross-sectional
nodel s (figures 16 and 17) best explains the observed phenonmenon of reoriented stress over the Rome
Trough? This and simlar questions are not academc, as correct answers may point the way to
subsurface fractured reservoirs in the Devonian shale. Sophi sticated expl oration techniques, to
wit, finite element stress analysis, can theoretically identify environnents particularly prone to
natural fracturing within a specified tectonic context. The problemlies in specifying the tectonic
context, which corresponds to the boundary conditions of the nodel to be analyzed. The Devonian
shal e explorationist is linmted by his ignorance of tectonic influences upon the shale. Carifying
some of these uncertainties is the raison d'étre of this volume, "Western Limts of Detachnent and
Rel ated Structures in the Appal achian Forel and".
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Figure 1.

Di stribution of Devonian shale in the eastern United States.
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Figure 4. Averaged production decline curves for Devonian shale wells differentiated
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Figure 6. Gamma ray log and core fracture orientations from CGSC 11940, Jackson
County, West Virginia (after Martin and Nuckols, 1976, figure 13).
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Figure 7. Edge-on view of
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fractures in the CGSC 11940 core.
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Figure 10. Cose-up of intersecting natural fractures in the CGSC 11940 core.
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Figure 12. Dol onite mineralization on the faces of two intersecting fractures in the
CGSC 11940 core.
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the apparent

The model postulates

in

the second of two proposed to expla

The*buried fault slip model
reorientation of the near-surface in situ stress over the Rome Trough.

Figure 17.

a passive cover under the influence of detachment related lateral stress and a rejuvenated

normal basement fault slipping a small fraction of the amount of the total pre-existing

displacement.
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JOHN M DENNISON

STRATIGRAPHIC DI STRI BUTI ON OF DECOLLEMENTS | N ME APPALACHIAN BASINl

John M. Dennison, Department of Geology, University

of North Carol ina, Chapel Hill, North Carolina 27514

ABSTRACT

Décollement zones in the Appalachian basin occur in strata ranging in age from Cambrian to
Pennsylvanian. These décollement surfaces follow shale and evaporite strata, bentonites, and
unconformities. Widespread stratigraphic units control the distribution of major dbcollements
affecting broad areas of the Appalachian basin. Some stratigraphic zones of more local extent
form minor décollement horizons.

Ddcollement surfaces are not well understood for the Taconic deformation belt, but appear to
be totally restricted to Ordovician Shale in Pennsylvania, New Jersey, and New York. Some minor
décollements may have originated during the Acadian orogeny. The majority of dicollements formed
during the Alleghany orogeny.

Maps were made to portray the geographic distribution of dicollement surfaces known in the
Rome Formation, Sevier and Athens Shale, bentonites of the Moccasin Formation, Salina evaporites,
Mandata Shale, Tioga Bentonite, Devonian shales variously known as Marcellus, Millboro and
Chattanooga Shale, Maccrady evaporites, Floyd Shale, the unconformity between the Pottsville For-
mation and the underlying Mauch Chunk-Pennington strata, and shales within the Pennsylvanian System.
Examples of tectonic style are given for each of these décollements.

The stratigraphic climbing of decollement surfaces toward the west may reflect the character
of the deforming forces, but it more likely reflects the progressive development through time of
appropriate lithologies extending farther west onto the craton. Important development of
décollements generally extends westward only to the present structural axis of the Appalachian basin.

1: reprinted wth permission from GCeological Society of Anerica Abstracts wth
Prograns, v. 10, no. 4, p. 167 (1978).
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TERRY ENGELDER

THE NORTHWESTERN EXTENT OF COMPRESSION DURING
EJCOLLENENT TECTONICS OF THE APPALACHIAN PLATEAU '

Terry Engelder, Lamont-Doherty Geological Observatory

of Columbia University, Palisades, New
York 10964

ABSTRACT

The orientation of a maximum layer parallel shortening during compressi on of the Appalachian
fold and thrust belt is NNW to NW in central Pennsylvania. That such a compression was transmitted
to the vicinity of Buffalo, New York, a distance of 225 km from the Valley and Ridge Province in
Pennsylvania is shown by several different types of strain measurements. All indicate a maximum
layer parallel shortening oriented about NNW in western New York. Residual strain was measured by
in situ_strain relaxation techniques and by x-ray diffraction techniques. Nonrecoverable strain
was indicated by deformed fossils, calcite twinning and solution cleavage. This penetrative strain
within the Appalachian Plateau must be accounted for in palinspastic reconstructions of the
Appalachian Mountains.

1: reprinted with permssion from GCeological Society of Anmerica Abstracts wth
Prograns, v. 10, no. 4, p. 168 (1978).

For details see:

Engel der, T., 1979, Mechanisns for strain wthin the Upper Devonian clastic

sequence of the Appalachian Plateau, western New York: Anerican Journal  of

Science, v. 279, p. b527-542.

Engel der, T., 1979, The nature of deformation within the outer I|imts of the )
central Appalachian foreland fold and thrust belt in New York State: Tect onophysi cs,

v. 55, p. 289-310.

Engel der, T., and GCeiser, P., 1979, The relationship between pencil cl eavage and
lateral shortening wthin the Devonian section of the Appalachian Plateau, New
Yor k: Geology, vVv. 7, p. 460-464.

Engel der, T., and GCeiser, P., in press, On the use of regional joint sets as
trajectories of paleostress fields during the developnment of the Appal achian
Pl at eau, New York: Journal of Geophysical Research.
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CGEl SER, ENCELDER & ALVAREZ

EVIDENCE FOR MULTIPLE STRATIGRAPHIC STRUCTURAL HORIZONS IN THE VALLEY
AND RIDGE AND APPALACHIAN PLATEAU OF THE CENTRAL APPALACHIANS 1

P. A. Geiserg Department of Geology & Geophysics,
University of Connecticut, Storrs, Connecticut 06268;
T. Engelder, Lamont-Doherty Geological Observatory,
Palisades, New York 10964

W. Alvarez, Department of Geology & Geophysics,
University of California, Berkeley, California 94720

ABSTRACT

Recent studies in the Valley and Ridge and Appalachian Plateau of Pennsylvania, New York, and
Maryland have revealed several sets of regionally developed minor structures (solution cleavage,
wedging, fossil distortion), each of which appears related to particular stratigraphic horizons.
Finite strain analysis and dynamic considerations suggest that each set is related to the develop-
ment of individual decollements. These sets of structures, which are believed to differ in age of
formation from place to place, have been termed stratigraphic structural horizons. Evidence
supporting this concept in terms of shallow ( 50 =500 m) depth of formation and association with
individual decollements is assessed in light of studies in the Umbrian Apennines and the
Appalachian Plateau of eastern and central New York.

1: reprinted with permssion from Geological Society of Anerica Abstracts wth
Prograns, v. 10, no. 4, p. 169 (1978).

2: also at: Lanont - Doherty Geol ogi cal Observatory, Palisades, New York 10964.
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GOLD, ALEXANDER & PARI ZEK 1

MAJOR CROSS STRIKE STRUCTURES IN PENNSYLVANIAL!

D. P. Gold, S. S. Alexander, R. R. Parizek,
Department of Geosciences, The Pennsylvania State
University, University Park, PA 16802

ABSTRACT

Cross-strike topographic features in the Appalachian Fold Belt may represent (a) antecedent
valleys from an inherited drainage regime, (b) fault valleys, or (c) fracture controlled streams.
Satellite imagery facilitated their mapping, butpaucity of outcrops and large size has. hanpered
bedrock characterization. Preparation of the new State Map has focussed attention on these features
on a scale appropriate to their size.

Recent mapping has shown the lineaments to be zones of structural disturbance, characterized
by thrust and tear fault combinations of complex form. In the Blue Ridge section of the Bedford-
Everett 1 ineament, the Car baugh- Mar sh Creek fault changes from a steeply dipping fault with right
lateral separation to a thrust fault. Similar complex tear and thrust faults occur in the Everett
Gap - Friends Cove faults, and the Bedford - Wells Mountain faults farther west. In between are
the Breezewood and Sideling Hill faults, with apparent right lateral and vertical motions in
different places. Magnetic and seismic anomalies to the west imply a structural disturbance well
into the Allegheny Plateau. The McAlevys Fort - Port Matilda lineament is a scaled down version
of tear and thrust. faults. The Ty rone = Mount Union 1 ineament appears to be a decoupled zone
described by increased fracture density, and tilt-meters have been installed to detect any displace-
ments due to earth tides.

Some lineaments are expressed in the gravity and seismic maps. Magnetic and seismic perturba-
tions attest to a subsurface disturbed zone. Gas accumulations might be expected in finely
fractured zones beneath a decollement or self-healing cap rock, e.g., in the Allegheny Plateau,
and truncated anticlinal structures such as Hoskins & Root (1977)2reported north of Breezewood.

1: reprinted with permission from GCeological Society of America Abstracts. wth
Prograns, v. 10, no. 4, p. 170 (1978). See also Weeler, this volume, and
references cited there.

2: Root, S.1., and Hoskins, D.M, 1977, Lat. 40°N fault zone, Pennsyl vani a: a new
interpretation: Geology, v. 5, p. 719-723.
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WESTERN LIMIT OF EXTENSION FRACTURING IN WEST VIRGINIA

by
Philip S. Berger 1
Russel | L. Weeler 2

Department of Ceol ogy and Geography
West Virginia University
Mor gant own, Vst Virginia 26505

ABSTRACT

Extension fractures can extend beds and create porosity, perneability or both where dips on
anticlinal linmbs are relatively steep (greater than 45 degrees if there is no strain parallel to
hinge lines). Sinple calculations and reasonabl e assunptions pernit the conclusion that including
the effect of hinge line parallel strain does not significantly alter the mninum bed dip at which
extension fractures will open. Therefore the mninum conditions necessary for extension fracture
formation are unlikely to occur west of Gwinn's (1964) high plateau, with the exception of the

Burning Springs anticline, in Wod and Wrt Counties, West Virginia, where linb dips reach a maximm
of 68 degrees.

| NTRODUCT!I ON

Detachment faults in ductile beds are the primary nechanismfor map-scale deformation in the
central Appal achian allochthon, and specifically for the Valley and Ridge and nost of the Plateau
provinces in West Virginia (Gumnn, 1964; Rodgers, 1963). The location of the western limt of de-
tachment in the central Appalachians is a matter of conjecture, although it may be significant in
expl aining the distribution or occurrence of gas production fromthe Mddle and Upper Devonian
clastic sequence (mostly shales). The purpose of this paper is to determne the western linmit in
West Virginia of detachnent-related fracture porosity and permeability formed as folding rotates
beds from low linb dips, where they are contracted, to high dips, where they are extended.

STRUCTURAL  STYLE

The West Virginia allochthon has many detached anticlines but few outcropping mjor thrust
faults. The major anticlines are interpreted as active features generated mainly by duplication of
strata by ranping of underlying detachment faults, by splay faults, by kink band fol ding, and by
ductile flow of shale rich intervals into anticlinal crests (Gamnn, 1964; Faill, 1969; Wheeler,
1975).  The major synclines are regarded as passive features resulting fromanticlinal growh in
adj acent rocks, rather than from active downbuckling (Gwinn, 1964).

Location of the western [imt of allochthonous anticlines involving the Devonian clastic se-
quence is anbi guous, because the folds general |y become |ess distinctive towards the west. Linb
dips and closure decrease westward. In some of the folds of central and western West Virginia, such
as the Arches Fork and Wl f Summit anticlines, closure is apparent bel ow the Mddle and Upper Devoni-
an Gnesquethaw Group (Cardwell, 1973), but not above the clastic sequence, on the Mddle M ssissip-
pian Geenbrier Goup (Haught, 1968). The |inestones, sandstones, cherts, and thin shales of the
Onesquet haw Group and the underlying Oiskany Sandstone, Hel derberg G oup, and Tonol oway Formation
commonly forma single stiff unit about 600 to 1000 feet (189 to 300 neters) thick (Cardwell and
others, 1968) in the nechanical stratigraphy of West Virginia. If the folds in the Onesquethaw are
part of the allochthon, then a detachment below the Silurian Tonol oway and the thick Devonian clas-
tic sequence (2600 to 7800 feet; 800 to 2400 neters) has absorbed the deformation by flow (Cardea,
1956) or upper detachment (Dahlstrom 1969:.}. on the other hand, sone folds show closure in the
M ssi ssi ppi an Greenbrier Goup but not in the Devonian Oiskany Sandstone, from which we infer that
a detachnent is above the Oriskany and probably in the ductile Mddle Devonian black shales.  Perry
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and WIson (1977) describe an exanple of this on the Mann Muntain anticline.

W believe that extension fractures may forma significant part of gas-bearing fracture poros-
ity and perneability. Extension fractures that show bed-parallel extension are interpreted to be
late tectonic, formed when folding beds rotated to such steep dips that the rocks were within the
extensionalj rather than contractional field of the strain ellipsoid (Berger, Perry and Weel er, ns.
inreview 7 These extension fractures are unlikely to be filled by vein material or closed by later
deformation and thus may produce gas. W attenpt to locate the western linit of extension fracturing

in the subsurface as part of a programto predict the Iocation of more highly fractured rock for gas
expl oration

In this paper we use the analytical and graphical techniques of Ramsay (1967) to deternine the
angle () between the X strain axis (the direction of greatest |engthening: vertical) and the sur-
face of no finite longitudinal strain. The surface of no finite longitudinal strain marks the
boundary between the contractional and extensional fields in the strain ellipsoid and its dip in-
creases with the horizontal contractional strain. Assuming that the naxinum principal conpressive
stress and the Z strain axis (direction of greatest contraction) are horizontal and perpendicul ar
to strike (Perry, 1971), then the mninmum bed dip at which extension fractures can open is 90 - g
degrees.  Using published values of shortening or values measured on published cross-sections, we
calculate the critical (mninum bed dip at which extension fracturing will begin. Conparison of
predicted values of critical dips with observed or estimated values of linb dips or shortening in

anticlines allows us to predict the distribution of extension fracturing and related fracture poros-
ity and perneability in West Virginia

METHODS

~ Ramsay (1967, p. 128) determined the equation for the angle (&) between the surface of no
finite longitudinal strain and the X strain axis, assunming constant volune and no hinge |ine paralle

strain (e=0)
-] A3—-—1
8 = +cos —_— (1)
s _1 X3 — Xy
where X; = “/xi
and Ag = 1+ e’ i=1,2,3 (2)
1

Therefore to determne the mninmum bed-dip at which extension fractures will begin to open for
a given anticline and its estimated shortening value, we need values of A; and A3

A3 neasures length change parallel to the X (contractional) strain axis. X, nmeasures |ength change
parallel to the hinge line of the fold (internmediate strain axis: Y) and is assumed to be equal to
1. )1 neasures strain parallel to the Z (extensional) strain axis. a3 is found by neasuring the
amount of shortening for a given anticline by the sinuous bed or equal area nethod, after renoval of
synfol ding or postfolding slip on faults that changed bed length but did not rotate beds. W shal
regard folding of a stiff layer within a volume of softer rock as grossly approxi mting overal
homogenous nonrotational strain. W assume that the volume of rock containing the rotating stiff

bed is not cut by through-going detachnents and thus has not been deformed by shear on or near the
detachment.  That assumption is reasonable within a single anticline (Kulander, oral conmunication
1978).  Then by the sinuous bed method after restoration of fault slip, the shortening strainis

e3: ( 2 — 20) / 9 (3)
where 1, = the arc length of a stiff unit |ike the Onesquethaw Tonol oway sequence, and
g = the linear distance between the two inflection points of the anticline (the

distance into which %y has shortened).

The sinuous bed method is valid for stiff units that have buckled, kinked, or faulted, but have
not flowed internally or pressure-dissolved. The values of shortening in this paper are deternmnned
by the sinuous bed method but are consistent with values deternined by the equal area nethod (Gwinn,

1970), whi ch does not assune that there has been no internal flowage Or MaSs-renoving pressure sol u-
tion.

Qur val ues of shortening need not include shortening by layer parallel penetrative strain
(Engel der and Engelder, 1977) or by formation of pressure solution cleavage (Geiser, 1977}, because
most of this shortening appears to have forned early, prior to folding (Geiser, 1970, Nickelsen
1976, 1978; Berger, Perry and Wheeler ms. in review)3
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”,)\1 Qadn be calculated as follows. For a unit sphere deforming at constant volume to a strain
el lipsoi

y 4
V (sphere) = e /an
vV (ellipse) = /3(1+e)) (1+e,) (1+e) T

Substituting equation (2) and setting V (sphere) equal to V (ellipsoid)
SIS (4

Therefore to determine », we need only A3 | which we estimate from shortening, and %, , which we
assune is equal to 1. Therefore
8 = +cofl fir e-20/9002 -~ 1 (5)
I/ B-Lg, ) 2 ~ (1+ %7%0 00)2

If we take into account hinGe™line parallel strain, then a, Wl be ‘close to but not equal to
1. W assume that e; wll be no nore than +to0 percent of e; . This figure is arbitrary but is
probably in excess of the true value in nost places, especialy where large folds are straight in
map view.  There is no doubt that strain parallel to hinge lines occurs. The existence of cross
joints in folded rocks denonstrates hinge line parallel extension, although hinge |ine parallel
contraction may be equally likely in folded rocks. The arcuate trends in parts of the central Appa-
| achians may hel p deternine whether hinge line parallel contraction or extension has occurred.
\Were the Appalchians are convex toward the craton, as in central Pennsylvania, hinge line parallel
extension may be more likely. \Were the Appal achians are concave cratonward, as in southern \West
Virginia and western Virginia, hinge line parallel contraction is nore likely.

Using our values of shortening, and reasonable estinmates of 1, , the angle (6 ) between the
vertical X strain axis and the surface of no finite longitudinal strain is deternined graphically
using a Mhr diagram for three-dinmensional strain (Ramsay, 1967, p. 152). The points along the
line » =1 on the Mhr diagramyield values of points on the surface of no finite |ongitudinal
strain, in degrees fromthe X and Y strain axes. These values can be plotted in equal area projec-
tion to determine the shape of the surface of no finite longitudinal strain: conical with hinge
line-parallel strain, planar wthout (Ramsay, 1967, Fig. 4-21). The mininumbed dip at which ex-
tension fractures will open is neasured along the east-west axis of the projection.

RESULTS

Table 1 lists the predicted bed dips at which extension fractures will begin to open for given
values of shortening and , = 1. These val ues were cal cul ated using equation (5) and are conple-
ments of the angles ( 6) between the x strain axis and the surface of no finite longitudinal strain.
Sorre of the predicted dips were checked by Mhr diagrans for three-dinmensional strain. Wth no
change in length parallel to the hinge line, the mnimumbed dip at which extension fractures will
begin to open is 45 degrees. That finding is consistent with the results of finite-elenent nodeling
of viscous layers (Dieterich and Carter, 1969), and other work sunmmarized by Perry (1978, p. 524).
\WWere there is +.1(e3) hinge line parallel strain, the mninmmbed dip at which extension fractures
will open does not ditffer significantly fromthe values in Table 1.

Table 2 lists measurements of shortening for anticlines in West Virginia, determned from cross-
sections by the sinuous bed nethod or fromestimates in the literature. Wth the exception of the
Burning Springs anticline, in Wod and Wrt Counties, West Virginia, no anticlines west of Gwinn's
(1964) high plateau, which have structural relief Iess than 300 feet (90 neters), should show exten-
sion fracturing unless faulting in the subsurface has created abnormally high linb dips. Fault im-
brication in the subsurface of the Burning Springs anticline has caused dips as steep as 68 degrees
(Shockey, 1954). The Arches Fork and Wl f Summit anticlines may al so show extension fracturing,
since Guinn (1964) indicates that they have between 300 and 800 feet (90 and 240 neters) of relief,

i nternedi ate between anticlines of the high plateau and those of western West Virginia.
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PERCENT SHORTENI NG M N MUM LI MB DI P
1% 45 degrees
2% 45 degrees
3% 46 degrees
4% 46 degrees
5% 46 degrees
10% 48 degrees
1.5% 50 degrees
20% 51 degrees
25% 53 degrees
30% 55 degrees
35% 57 degrees
40% 59 degrees
45% 61 degrees
50% 63 degrees

Table 1. Estimate of linb dip at which
extension structures will begin
to formfor given percent shortening.
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Maxi mum
Li nb

Anticline Location Short eni ng Dip Sour ce
RELI EF GREATER THAN 800 FEET (240 METERS)
Burning Spgs. Wood/Wirt Co. 2% 68 degrees Shockey (1954)
Briery Mn. Preston Co. 6% 45 degrees Cardea (1958)
Chestnut Rdg. Monongal ia Co. 3% 12 Degrees Mtchell (1960)
WIlls Mn. Pendl et on Co. 20% overturned Perry (1971)
Browns Mn. Pocahontas Co. 16% overturned Kul ander and Dean (1972)
RELI EF BETWEEN 300 and 800 FEET (90 and 240 METERS)
Wl f Summi t Lewi s Co. <« 1% 5 degrees M | ner (1968)
Hi ram Harrison Co. <1% <1 degree Cardwell (1973)
Arches Fork Doddri dge Co. <1% <1 degree Cardwell (1973)
Warfield Logan Co. < 1% <1 degree Cardwell (1973)
RELI EF LESS THAN 300 FEET (90 METERS)
Mann M n. Fayette Co. <1% <1 degree Perry and Wlson (1977)
Table 2. Val ues of percent shortening and linb dip for selected anticlines in Wst

Virginia.
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CROSS-STRIKE STRICTURAL DISCORTINUITIES:
POSSIBLE CXPLORATION TOOL FOR NATURAL GAS IN IETAGIED APPALACHTA FORELAD *

Russel| L. wheeler?
Department of Geol ogy and Geography
Vst Virginia University
305 Vhite Hall
Mor gant own, West Virginia 26506

ABSTRACT

Cross*strike structural discontinuities (CSD's) are broad zones of structural disruption in the
detached Appal achian foreland. At Parsons and Petersburg, eastern West Virginia, CSD's are eight to
ten kilometers wide. Folds of various scales, longitudinal faults, and unmodelled gravity anomalies
termnate or change style across or within the two csp's. Both are visible on LANDSAT immges. Field
evidence points to their containing larger or nore abundant joints than elsewhere; gmall normal faults,
likewise. Mapping reveals little displacement across transverse faults. 1 favor a thin-skinned
origin for the Parsons and Petersburg structures, at least in the Plateau and western Valley and
Ridge provinces. The CSD's appear to have divided the allochthon into quasi-independent structural
bl ocks.  Median val ues of sizes and spacings of these and nine other Appal achian CSD' s suggest that
each contains about 1060 cubic kiloneters of unusually fractured rock, and |hat they cons-tiiute 14
percent of the foreland allochthon. Cratonward extensions of csp's can be loci of exploration in
gas-producing, fractured Devonian shal es of the Allegheny Synclinorium Lattman (1958) and others
suggest that short air-photo lineanents are surface expressions of fractures or fracture zones.

\ells should be sited at intersections of short air-photo |ineanents in the CSD's, where Devonian
shales are involved in detached deformation.

PURPOSE

Thi s paper suggests an exploration strategy for natural gas in part of the Central Appal achian
Plateau province. The target is fracture porosity and fracture perneability in Mddle and Upper
Devoni an clastic rocks (mostly shales), parts of which have been profitable or marginally profitable
producers since the early 1900's (Shumaker and Overbey, 1976; Wheel er, Shunmaker, and others, 1976;
Schott and others, 1977; Dean and Overbey, 1978). M purpose is to suggest a method by which explor-
ation for those structural traps can be made nore efficient and effective in unexplored or presently
unproductive areas where the reservoir rocks are involved in detached deformation, that is, outside
the area of present commercial production in eastern Kentucky and adjacent states (Wallace and
de Wtt, 1975). The suggested nethod predicts subsurface locations of unusually intensely jointed
rock volunmes of drillable sizes in the central and western Plateau province, by conbining
(1) observations and hypotheses about major, cross-strike structural discontinuities, (2) observa-
tions and theories about short air-photo |ineanments, and (3) understanding of detachment tectonics
in the Central Appal achians.

CROSS-STRIKE STRUCTURAL DISCONTIMUITIES

Detached forelands in several orogens contain large, cross-strike structural discontinuities
(CSD's): structural lineaments or structural alignments, at high angles to regional strikes, most
recognizable as alignments of disruptions in strike-parallel structural or geomorphic patterns.
Wheeler and others (ms in review)3summarize sizes and characteristics of fifteen CSD's or groups of
CSD's in the Appalachians, Ireland, and southern Chile, and cite a few published references to pro-
bably similar structures in the Canadian Rocky Mountains,
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El even Appal achian csb's have been mapped and studgied in Pennsylvania, Vst Virginia, and
Al abama (Fig. 1; see \Weeler and others (ms in review) for citations of available work). The CSD s
are larger and nore conplex than sinple tear faults, fault zones, joint zones, or outcropping uncon-
formties rotategd to steep dips. Using the data sunmarized for three orogens by Weel er and others
(ms in review), Wieeler (ms in preparation) estinates nmedian CSD's to be about 3.5 kiloneters wide,
at least four kilometers deep, and at least 70 kilometers long, with a centerline spacing of about
25 kilometers (Fig. 2). Such CSD's would each contain at |east 980 cubic kilometers of rock, and
would include 14 percent of that part of the allochthon that they traverse.  Thus csb's can be mgjor
and fundamental parts of the architecture of a detached foreland, as volunetrically inportant as
most | ongitudinal folds.

In northeast Vst Virginia, the Parsons and Petersburg structural l|ineaments are two CSD's that
contain structurally disrupted rock (Fig. 3; Weeler and others, 1974; \Weeler and Sites, 1977).
The Parsons |ineament was detected by GmM nn (1964}, Woodward (1968), and Rodgers (1970, Plate 14).
Only Rodgers estimated its orientation and size correctly. Mappi ng and ot her work by Henderson
{1973), Ml | ennex (1975), Trunbo (1976), Mbore (1976), and Wheel er (unpublished results) defined the
l'ineanent as trending about Nsow through Parsons, and as at least 55 kiloneters long, ten kiloneters
wide, and probably three kilometers deep (Wweeler and Sites, 1977). Part of the lineanent appears
clearly on LANDSAT imagery. Major folds and longitudinal reverse faults, internediate-scale folds,
and outcrop-scale folds associated with northwest-vergent shear zones ternminate or change abundance,
size, shape, or orientation across or within the Parsons |ineanent (Weeler, 1975; \Weeler, Trunbo,
and others, 1976). Bends and ends of axial traces on the CGeologic Map of West Virginia (Cardwell
and others, 1968) are weakly consistent with possible extension of the Pafsons ['ineament northwest
about to the Chio River. Mpping by T. Wlson (dissertation in progress).’and Rader and Perry (1976)
‘is nore strongly consistent with the lineament's extension southeast through the Valley and Ridge
province. Thus the total possible Iength of the Parsons lineament is on the order of 250 kil o-
neters.

Woodward (1968) noted the Petersburg lineament. Mapping and other work by WIson and \Weel er
(1974), McColloch (1976), Sites and others (1976), and R Sites (dissertation in progress)’defined
the lineament as trending about N85E through Petersburg, and as at |east 80 Kkiloneters long, 8
kilonmeters wide, and probably 5 kilometers deep (Wheeler and Sites, 1977). The Petersburg linea-
ment has the same effects on folds and faults of various scales as does the Parsons |ineanent. It
too appears clearly on LANDSAT immgery. Its total possible lepath is speculative. Mapping and
structural analysis by J. LaCaze (Master's thesis in progress)’may deternine whether the Petersburg
|ineament crosses the Appal achian structural front into the Plateau province, to intersect the
Parsons |ineament as suggested by Kul ander and Dean (1978a).

I know of no evidence requiring either lineament to extend deeper than the basal detachment
(Lower Canbrian Waynesboro shale) in the Plateau or western Valley and Ridge provinces. Unmod-
elled, strike-parallel gravity anomalies terminate at both structural |ineanents (Kulander and Dean,
1976, 1978a). Kul ander and Dean, and \Weeler and Sites (1977) conclude that the anomalies are
caused by structural duplication of high-density Lower Devonian and Silurian, or Canbrian and
Ordovician linmestones and dolomtes, and that the termnations of the anomalies occur over along-
strike ends of such structural duplications. Those ends occur where underlying detachments step up
along strike to higher structural and stratigraphic levels, in the manner suggested by Gwinn (1964)
and figured by Harris (1970). Kulander and Dean (1978a) mapped unnodel |l ed magnetic anomalies, and
attributed themto susceptibility differences in the crystalline autochthon. Their total-intensity
magnetic map does not appear to me or to Kulander (oral communication, 1978) to show that those
susceptibility differences are caused by cross-strike faults in the autochthon, at least in the
Pl ateau and western Valley and Ridge provinces of northern and central \Wst Virginia. Balanced
cross sections (Perry, 1971, 1975; R Sites, dissertation in progress)-northeast and sout hwest of
the Petersburg lineament in the western Valley and Ridge province show no evidence for abrupt
change in basement depth along strike.

However to the southeast the magnetic map of Kul ander and Dean shows nagnetic relief of about
300 ganmas across the southeastward extension of the Parsons |ineanment into Rocki ngham County,
Virginia, in the eastern Valley and Ridge province. Pilant and Robison (1977) mapped nagnetic
lineanents in the Piednont province of Virginia. Their magnetic lineanents parallel the Parsons
lineanent, and the northeasternnost is on trend with the Parsons |ineament (W Pilant, oral and
witten communications, 1977). Further, in southeast West Virginia, Pennsylvania, Al abama, Chile,
and Ireland, CSD s resembling the Parsons and Petersburg |ineaments either extend into exposed
crystalline rocks, include wvolcanic centers or netal deposits, or pass through saddles or abrupt

terminations of magnetic anomalies (see work referenced by Weeler and others, ns in review 3
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R~ Shumeker, maps in preparation). Finally, Weeler (ms in preparation) exanined the orientations
and nininum lengths of csp's as a class, and concluded that those properties were probably nore

influenced by cratonic structures activated or reactivated under advancing detached bl ocks, than by
structural processes originating within the allochthon

Therefore | assume conservatively that the Parsons and Petersburg structural |ineanents do not

extend beneath the deepest detachnment in the Plateau and western Valley and Ridge provinces, but may-
wel | do so further southeast or east.

Nei t her the Parsons nor the Petersburg lineament exhibits significant transverse faults:
are not fault zones. However, they probably do contain unusually fractured rock (\Weeler and
others, 1974; \Weeler, Trumbo, and others, 1976). Steffy (1976) found that water-well yields in
part of the Parsons |ineament were marginally lower than those outside the |ineament, which is in-
consistent with increased fracturing. However Holland and Weel er (1977) found that systematic
joints are larger in one road cut inside the lineament than in the same rocks in two simlar road
cuts bracketing the lineament (Fig. 4). Small meppable normal and strike-slip faults and longitudi-
nal joints are more abundant within the Petersburg |ineament than northeast or southwest of it in the
sane mai 3?its (McColloch, 1976; R, Wl lians, oral communication, 1976; R Sites, dissertation in
progress) .

In summary, | suggest that csp's |ike the Parsons and Petersburg structural |ineanents are very
large volunmes of unusually fractured rock, that they extend as deep as the basal detachment under

the Plateau and western Valley and Ridge provinces, and therefore that they are promising rock
volumes in which to seek fractured gas reservoirs

t hey

SHORT PHOTOLINEAMENTS

Lattman (1958) defined photogeol ogic fracture traces as air-photo |ineanents |ess than one
mle long, and suggested that they are traces of joints or small faults. Since then many geol o-
gi sts have used the working hypothesis that short photolineaments one to several kilometers |ong
are geonor phic expressions of vertical or nearly vertical zones of unusually fractured rock: joints
or joint zones, or small faults or fault zones. The hypothesis is usually tested either b% direct
exani nation of exposures on the photolineament, or by a statistical test to determ ne whether water
wells on or near the photolineament have significantly higher yields than do wells off or far from
the photolineanment (for exanple, see Gold and Parizek, 1976). In and near the Cottageville gas
field, which produces fromthe Devonian shales in western West Virginia (Fig. 3), D. Jones (Master's
thesis in progress) found higher water-well yields within 30 neters (100 feet) of lineanents on low-

altitude aerial photographs. Steffy (1976) found a simlar result in outcropping Devonian sand-
stones, siltstones, and nudstones near Parsons

The gas-bearing Devonian shales lie in the interval fromabout 0.6 to 1.4 kilometers (2000 to
4500 feet) below ground level in the gas fields of western West Virginia and eastern Kentucky.
Eastern equival ents of those rocks lie about 0.4 to 2.3 kilometers down (1300 to 7700 feet) in the
eastern Plateau province (Cardwell, 1973; Wallace and de Wtt, 1975; Patchen, 1977). In nost
areas, the nost productive rocks lie in the |ower parts of those intervals (patchen and Larese
1976; Martin and Nuckols, 1976; Bagnall and Ryan, 1976; Patchen, 1977). Therefore to use short
phot ol i neaments as an exploration tool for the Devonian shales and their eastern equivalents,
make the common assunption that the single or nmultiple joints, high-angle faults, or other frac-
tures that probably underlie the photolineaments formvertical fracture zones. 1| further assume
that the depths of the fracture zones approxi mate the |engths

If those two assunptions are correct, then air-photo |ineaments one to several kilometers |ong

overlie attractive fracture porosity and fracture perneability in and above the Devonian shal es.
Still nore attractive are intersections of two or more such photolineanents

EFFECT OF DETACHVENT

| have assuned conservatively that csp's |ike the Parsons and Petersburg structural [ineanments
are confined to the allochthon, at least in the Plateau and western Valley and Ridge provinces
Also, it seens likely that the orientations, locations, or both, of high-angle fracture zones are
different below than above a detachment fault: fracture zones formed before the detachnent woul d
be beheaded, with tops no | onger above or connected to bottons. Fracture zones formed during or
after detachment may change orientation, size, or position across the detachment, to reflect differ-
ing magnitudes and orientations of stresses in the two regines. For exanple, E. Wrner (ora
comuni cation, 1978)8found differences in orientations and other characteristics of systematic
joints across the probable outcrop of a southeast-dipping splay fault on the west linb of the
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Burning Springs anticline in western Wst Virginia. W]Ison and others (ms in preparation)9find
different orientations of slickensides and other natural fractures in a cored interval above the
Pine Mountain thrust than in the thrust zone.

Therefore both CSD's and short air-photo |ineaments are nost likely to be useful guides to
subsurface fracture zones in an allochthon, if the deepest detachment is in or below the interval of

interest, and if there are no ngjor shallower detachments. In Fig. 5 to locate larger or nore
abundant fractures in pay zone 1 than those produced by detachment itself, one should drill east of
the 2F)OI nt Ti. To locate nore fractured rock in the shallower pay zone 2, one may drill as far west
as T2.

EXPLORATION STRATEGY

The three structural criteria described above can be conbined to suggest an exploration stra-
tegy for gas in structural (fracture) traps in the Devonian shales of the' allochthonous part of the
Pl at eau province of the Allegheny Synclinorium (Fig. 6).

(1) Wells should be drilled east of the trace of point T2 (Fig. 5) across the ground surface.
That trace is the upward projection of the line al ong which the deepest underlying detachment cuts
the top of the interval of interest, in this case the base of the Lower M ssissippian Berea
Sandstone (Patchen and Larese, 1976; Bagnall and Ryan, 1976; Patchen, 1977). In sone areas, nost
production may be expected from an eastward-thickening interval in the lower part of the Devonian
shal es, such as Brown Shale Zone Il of Martin and Nuckols (1976). In such areas, the western limt
of recomended drilling noves east, to a line analogous to the trace of point 11 of Fig. 5.

(2) In the area defined by the first criterion, wells should be drilled within the map bound-
aries of a cross-strike structural discontinuity. Exanples are the Parsons and Petersburg struc-
tural lineaments in northern West Virginia, the Mddoc, Wite Sul phur Springs, and Covington linea-
ments in southern West Virginia, and the Tyrone-Munt Union, Everett-Bedford, and McAlevys Fort-
Port Matilda lineamen :t—zm western and central Pennsylvania (see references listed by Weeler and
others, ms in review.> Mst CSD s now known in the central Appal achi ans have been found and studied
in the eastern Plateau and Valley and Ridge provinces. The westward extent of nost CSD's into areas
of nost likely comrercial production is feasible but presently specullative. However, some mapped
CSD' s correspond to some of the structural |ineaments of Gwinn (1964), Rodgers (1963), and Rodgers
(1970, Pplate 1A}, though not to Wodward's (1968) interruptions in sttike. Some of Gwinn's and
Rodgers' structural |ineaments occur in the western plateau province, so csD's may also extend that
far west. Further, many data with which to extend csp's to the west are now available: well |ogs,
structure contour maps, LANDSAT imagery, and maps of residuals fromterrain-corrected Bouguer
anormal i es (Weeler and others, ms in review;3kulander and Dean, 1978a). \Meeler, Trunbo, and others
(1976) suggested that the Parsons structural |ineanent may be confined bel ow the relatively massive
and stiff M ssissippian and Pennsylvanian rocks, with the thick, relatively soft Mddle and Upper
Devoni an rocks flowing to insulate surface structures fromreflecting underlying CSD's.  However

subsurface and geophysical data like those just listed should permt one to penetrate any such
insulating effect.

(3) In the areas defined by the first two criteria, wells should be drilled on intersections
of air-photo Iineaments one to several kilometers |ong.

CONCLUSI ONS

Wl ls seeking gas in fractured Devonian shal es should be sited at intersections of short air-
photo lineanents, in csb's, where the shales are involved in detached defornmation. That explora-
tion strategy is applicable at least as far west as the Mann Muntain anticline in southern \Wst
Virginia and the Burning Springs anticline in central West Virginia (Perry (1978) and Perry and
W son (1977) suggest that the Mann Muntain anticline is the western limt of detachment in the
| onest Devonian shales, and Rodgers (1963; 1970, p. 19-21) summarizes arguments that the Burning
Springs anticline is the western limt of detachment in Silurian rocks). Eight partly mapped
csD's in West Virginia and Pennsylvania (Fig. 1) can probably be extended west into the central and
western Plateau province. However, because the nost inportant present gas production from Devonian
shales is in southwestern West Virginia and eastern Kentucky, where the shales may be autochthonous,
the exploration strategy presented here may be nmost useful in exploration of new areas in the

eastern Plateau province of southern and central West Virginia, in northern West Virginia, and in
western Pennsyl vani a.
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One or more of the three criteris developed in this paper may be used alone, or might be combined
profitably with other methods of predicting locations of structural (fracture) traps. Examples of
such possible traps include (1) late-tectonic bed-extending fractures in steeply—dipping beds (Berger,
Perry, and Wheeler, ms in review), (2) stratigraphically confined, rous fracture facies (Negus-de
Wys and Shumaker, Shumaker, and Wilson and others, nss in preparation)}! (3) westward propagation of
fracturing associated with a CSD, into autochthonous rocks (Wheeler, Trumbo, and others 1976),
(L) westward propagation of detachment-related fracturing by differential shortening distributed over
a vertical interval, west of actual recognizable detachment (Shumaker, 1978, and Wilson and others,
ms in preparation),. (5) fracturing in bottoms of detached sheets (Harris and Milici, 1977; Milici
and Statler, 1978;' #iltschko, 1978b), (6) fractures in footwalls of ramps (Wiltschko, 1978a)i3
(7) upward propagation of anomalously-oriented joints or joint zones formed in response to distorted
stress trajectories over longitudinal basement faults, such agéthose bounding the Rome trough in West
Virginia (Kulander and others, 1977; Kulander and Dean, 1978b% Advani and others, 1977), ?) fracture~
porous CSD's containing gas sealed beneath an overriding detachment (Gold and others, 1978j W.
Bagnall (oral and written communications, 1976 and 1977) suggested that slickensided faults may seal
porous fractures), and (9) bed~extending fractures on anticlinal crests, especially adjacent to a
contact with an overlying much softer layer (Tapp and Wickham, 1978).
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88°W

Eig. . Eleven Appalachian cross-strike structural discontinuities. Heavy
solid lines: structural discontinuities. Mediumweight solid line and
pattern: northwest limt of exposed crystalline rocks. Approximate |ocations
of discontinuities from Drahovzal (1976), Gold and Parizek (1976), Dean,

Kul ander, and Wlliams (nms in review),7and Wieeler and Sites (1977). Note
that only four areas have been explored in detail for CSD's, to ny know edge.
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EBERHARD WERNER

FRACTURE PATTERNS ACROSS THE BURNING SPRINGS ANTICLINE IN WEST VIRGINIA
PRELIMINARY INVESTIGATION

Eber hard \erner
Depart nent of Geol ogy and Geography
West Virginia University
Mor gant own, W/ 26506

ABSTRACT

Fracture patterns derived from outcrop neasurenents and photolineament patterns derived from
mappi ng a Landsat inmage in the area of the Burning Springs anticline were studied. Results indicate
sonme differences between patterns to the east and patterns to the west of the anticlinal axis
i mplying some differences in the stresses active on opposite sides of the anticline.

| NTRODUCTI ON

The Burning Springs anticline (Fig. 1 and 2) is generally considered to be the western linmt of
maj or detached deformation in northern West Virginia (Rodgers, 1963; Gwinn, 1964). The character-
istics of fractures were investigated to determ ne changes across the axis of the anticline. In this
study, two avenues of investigation are being pursued: 1) napping of photolineanments, and 2) mneasure-
ments of fractures in outcrops along traverses across the anticlinal axis. This work is in progress;
one traverse of 11 outcrops along U, S. Hi ghway 50 has been conpl eted and one photolineanent map from
w nter Landsat i magery has been produced (Fig. 2). These prelimnary data were anal yzed and the
results are reported herein.

PHOTOLINEAMENTS

Phot ol i neanents have been considered as being indicative of regional fracture patterns. A con-
siderabl e body of literature conpares various types of photolineaments with outcrop fracture orien-
tations. For exanple, Hodgson (1961) in the Col orado Pl ateau, Babcock (1974) in Al berta, Canada, and
Hough (1960) on Chestnut Ridge in Wst Virginia all found a degree of agreement between orientation
patterns of the outcrop fractures and of photolineanents.

To obtain an overview of photolineanent patterns in the area, a nap was prepared from a Landsat
band 7 (0.7-1.1 w) image enlarged to a scale of 1:250,000. Procedures used were consistent with the
preparation of a type 2 map (see Werner {1977] for details); that is, the longer, nmore prom nent
phot ol i neanents were chosen.

Fig. 2 shows the approximately 900 km of photolineanents overlain on a map of fold axes derived
from Cardwell and others (1968). A statistical analysis of the data shows little, if any, signifi-
cant difference between the autochthonous and allochthonous areas, respectively west and east of the
axis of the Burning Springs anticline. Although the distribution of orientation patterns (Fig. 3)
shows a slightly greater preferred orientation of the photolineanents in the western part of the map,
the difference is not significant when tested by either the Wald-Wlfowitz runs test (see Conover,
1971, p. 350) or the Kuiper (1960) nodification of the Kol mogorov-Smrnov test. Lengths do not
differ materially between the two areas (west: nmean length = 16.0 km standard deviation = 7.8 km
east: mean length = 15.8 km standard deviation = 7.9 kn). Al though total |ineanent density (length
per unit area) appears to be much less for the western area than expected (23% of the total |ineanent
length in 40% of the total area), such differences may be an artifact created by inmage variations.
The apparent difference of the |ineament density, however, should be further investigated because of
inplications in terms of total fracture porosity for the area. |f the differences in photolineanent

density are real, then this could indicate different fracture densities in the two areas.
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QUTCRCP  FRACTURES

Observations were made at 11 outcrops spaced -1.5 km apart. Fig. 4 shows the locations of the
outcrops relative to the structural cross-section of the anticline. Data consist of 11 variables
measur ed where possible for each of 247 fractures: strike, dip, lithology, bed thickness, whether the

fracture entirely crosses a bed vertically, whether a fracture crosses the bedding surface either
above or below the bed in which it was nmeasured, whether the fracture is open or closed, whether the
fracture is single or nultiple, spacing between fractures of the same approximate orientation, charac-
ter of the fracture surface, and horizontal curvature of the fracture. Al accessible natural frac-
tures were neasured at each outcrop, regardl ess of whether they were systematic or nonsystenatic joints
or faults. No fractures were recognizable as faults in this area, but the relatively poor exposures
made it inpossible to be certain of the fracture type in all cases. The data were then divided into
two groups on the basis of lithology: 1) sandstone and siltstone, and 2) shales and coals. Statis-
tical tests were run on these groups to deternmine if there is any significant difference between data

collected to the east and to the west of the anticline for several of the variables. These results
are shown in Table 1. A comment is required here regarding the validity of results of statistical
tests, particularly when many are done on the sanme data set. The significance |evel of a statistical

test indicates the likelihood that the conclusions drawn might be in-error. Thus with a significance
level of 0.10, there is a likelihood of 10%that the stated result is incorrect. Because a signifi-
cance | evel of 0.10 was used and 32 tests were done, it is likely that 3 or 4 of the test results are
spurious (i.e., 32 tests x 0.1 probability of error = 3.2 erroneous results). This situation nust be
kept in mnd during the follow ng discussion of results.

Orientation rosettes of fracture strikes fromthe individual outcrops are shown in Fig. 5. No
clear preferred orientation appears in the diagranms to differentiate the eastern fromthe western part
of the traverse. The statistical test (line 1, Table 1), however, shows that there is a difference in
strike distributions across the anticlinal axis. Wen orientation rosettes are produced for the out-
crop data subdivided both by lithology and location with respect to the anticlinal axis (Fig. 6), a
conparison can be made. Data fromthe sand- and siltstone fractures (Figs. 6a and 6b) shows that west
of the anticline fractures oriented at about N60°W are common, but east of the anticline this peak is
conpl etely absent. Conversely, a sand- and siltstone peak appears at about N60°E east of the anti-
cline, but is not apparent to the west of the anticline. The shale and coal data (Figs. 6c and 6d),
on the other hand, show a direct reversal of these relationships. A so, east of the anticline, the
shal e and coal fractures show a much nore pronounced preferred orientation.

Statistical conparisons were al so made of some of the other data. Fractures are straighter and
nore vertical in sandstones in thewest, but fractures in shales and coal are straighter and nore
vertical (not statistically significant) to the east (lines 2 and 4, Table 1). Simlarly, fractures
in sandstones are generally snmoother to the west, but shale and coal fractures appear to be slightly
snoot her (not statistically significant) to the east (line 3, Table 1). O the various neasures of
total fracture area, some point toward greater fracturing to the east and others to the west. The
two nore inmportant variables - fracture frequency and vertical extent (lines 5, 6, and 7, Table 1) -
indicate a |likelihood of nore fracturing east of the anticline in the shales and coals. In sand-
stones, fractures may be more frequent (not statistically significant) but they are less likely to
have as great a vertical extent in the east. In general, then, although fractures are spaced sonewhat
more closely to the east, they tend to be nore regular to the west.

COVPARI SON OF PHOTOLI NEAMENT AND OUTCROP FRACTURE ORI ENTATI ONS

There are many exanples in the literature of cases in which fracture and photolineanment orien-
tation patterns are generally simlar; yet, at the same tine, exanples of the converse condition also
abound. The data collected to date for the Burning Springs anticline appear to contain both condi-
tions. Although the orientation patterns of the photolineanents to the east and the west are not
statistically different, the patterns of the outcrop fractures are. Hence, it might be expected that
the fracture orientation distributions on one side or the other of the axis might be different from
the respective photolineament orientation distributions. This is in fact the case. Use of the
Kui per (1960) nodification of the K-S test indicates a clear difference in these distributions for the
area to the east of the anticlinal axis. No such difference is indicated for the area west of the
anticlinal axis. If these relationships persist in future work, this may indicate that the photo-
l'ineaments and those fractures proninent in the western part of the area may have a common ori gin.

If the photolineanents were baserment related and outcrop fractures related to the allochthonous defor-
mation creating the Burning Springs anticline, then the orientation distributions might differ. The
amount of data presently collected is insufficient for conclusions about the cause of the fractures,
particularly because the fracture data are derived froma single traverse across the anticline.
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TABLE 1. resuvrrs OF STATI STICAL TESTS onNreracTure DATA

Statistical ____all ____ _sapnd E_silt shale £ coal
Testl result* sig.® Tresuli* sig.? result? sig.3
1. Is the distribution of strike Runs i ndet .
val aes different betweenthe Kuiper yes *
eastern and western areas?
2. Are fractures straighter to M-¥ no . yes no *
the vest? K-S yes yes « no *
3. Are fracture surfaces sore |ikely Chi - square yes * ves . no
t0 be smooth to the vest?
4. Are fractares sore vertical N-¥ yes yes x no
to the vest? K-S yes . yes * no
5. Are fractares spaced nore n-w yes = yes yes *
closely to the east? K-S yes H yes yes *
6. Are fractures nmore likely to Chi -square no no * yes *
cross beds to the east?
7. Arefractures nore likely to cross Chi -sqaare yes yes yes
bedding surfaces to the east?
8. Are fractures nore likely to Chi -square no yes no *
be conpound to the east?
Notes: . .
1. Statistical test: I-Y ~Mann-Whitney U-test, see Conover (1971),p. 224.

K-S - Kol nogorov-Smirnov test, s e e Conover (1971),p. 309 .
Runs - Wald-Wolfowitz runs_ test, Ssee conover(1971),p.350. .
Kai per - Kuiperts (1960) variation of k-S test for circularly distributed data.
o Chi-square - chi-square conti nc};ency table test, see conover(1971), p. 140,150.
2. Result is in terms of the answer to the question stated, whether or not it is statistically
significant. The answer i s based on the nedians for the tuogroaps where numeric val aes exist,
and on counts Of fractures fal | i n% into varioas classes for the other variables.
3. Significance is indicated by asterisk uhenthe test is significant atalevel of «=0.10;that
is, the probability ofthe stated result being in error is 10%orl ess.
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Fig. 1. Index map of West Virginia showing area of investigation.
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Fig. 4. Structural cross-section of the Burning Springs anticline (after Cardwell and
others, 1968). Projections of 9 of the neasured outcrops into the plane of the section
are shown. The remaining two outcrops are to the west of the cross section.
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Fig. 5. Olientation rosettes of the 11 outcrops neasured along U S. Highway 50.
Nurmbers are nunber of observations at each site. Photolineanents (light |ines) and
fold axes (heavier lines) are transferred from Fig. 2.
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a. N:103 b.

C. N:19 d. N:37

Fig. 6. Rose diagrams of fractures. a - sand- and siltstone fractures west of Burning
Springs anticline; b - sand- and siltstone, on and to the east of the anticline; ¢ - shale
and coal, west of the anticline; d - shale and coal, on and to the east of the anticline.
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ROVE TROUGH RELATI ONSHI P TO FRACTURE DOVAI NS,
REG ONAL STRESS HI STORY AND DECOLLEMENT STRUCTURES

Byron R Kulander,l Department of Geol ogy, Alfred

University, Alfred, NY 14802
Stuart L. Dean, Department of Geology, University
of Tol edo, Tol edo, Chio 43606

ABSTRACT

The Rome Trough, a major Appal achian basenent structure, trends northeastward through western
West Virginia fromKentucky into Pennsylvania. Its eastern flank, through Kanawha and adj oi ni ng
counties is steepened by pronounced faulting. Total east margin relief fromthe trough axis to the
crest of the central West Virginia arch is approximately 3000 nmeters (10,000 feet). Resulting basin
configuration may have influenced past and present stress trajectories in Paleozic rocks.

Three coal fracture domains were mapped in south-central West Virginia. Here regional systematic
fractures predate folding and strike N45W and N75-85E over the Rome Trough and central West Virginia
arch respectively delineating two fracture domains. To the south and southwest of Kanawha County, a
west - nort hwest trendi ng boundary parallels the northern flank of the southern West Virginia arch be-
fore curving to the northwest into \Wayne County. This line delineates a third fracture donain.

Wthin this domain multiple systematic fracture sets (N15W, N45W, EW increase fracture perneability
and chaotically break the coal. The boundary separating the N45W and N75-85E domai ns contains coal
chaotically broken by fractures of both donains plus |ocally-devel oped sets. This boundary lies
directly over the Rome Trough basenent fault zone.

Regi onal stress configurations have changed across the plateau through tine. Fracture domain
boundari es mark prefol ding regional stress boundaries. In each domain coal fractured as a brittle
solid, and fractures propagated perpendicular to the greatest tension. In contrast, stresses asso-
ciated with All eghanian folding differed fromthose responsible for coal fracturing. Present day
stresses suggested by in situ stress neasurenments (Overbey, 1976) indicate a still different stress
configuration that changes radically over the Rone Trough. A basin-wide finite stress analysis
(Advani, 1977) suggests that stress fields could be altered in rocks overlying a faulted basenent.
It is likely that any stress alteration related to basenent structure existing during décollement
folding may have affected the detachnent mechani smand resulting tectonic styles.

CGENERAL GEOLOGY

Basenment Surface Structure

Previ ous studies have shown that the Precanbrian surface configuration within the investigation
area is domnated by three regional basement structures (Kulander and Dean, 1977, 1978). The nost
pronounced of these is the Rome Trough flanked to the east and south by the central and southern West
Virginia arches respectively (Figure 1). Evi dence to date suggests that the deepest section of the
Rome Trough lies in Kanawha County, The Rone Trough's eastern flank and correspondi ng western |inb
of the central West Virginia arch are accentuated by a zone of pronounced nornmal faulting. Nor mal
faults within this zone have a maxi mum conbi ned throw of approximately 2135 neters (7000 feet) wthin
a horizontal distance of several kilometers. The Rome Trough's western margin is also undoubtedly
faul ted. However, to date, the authors have not had access to seismic data, and this assunption re-
mai ns uncorroborated. Al so magnetic and gravity data do not indicate faulting of the magnitude
evident on the eastern flank of the Rome Trough.
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The mej or regional basenment structures, including the basement fault zone, have pronounced nmag-
netic and gravity signatures. Geophysical data al so suggest intrabasement mafic plutons (Kul ander,
Dean, 1978). Moreover, prelimnary gravity and magnetic cal cul ati ons nodel ed on the faulted basement
and mafic basement intrusive bodies, utilizing appropriate density and susceptability contrasts, are
of the proper nagnitude and reflect the existence of the fault zone (Kul ander, Dean, WIIlians, 1978).

Pal eozoi c Al'l ocht hon Geol ogy

Exposed bedrock in the study area ranges in age from | ower Pennsylvanian through the Pernian
Dunkard Goup. The region lies entirely within the Allegheny Plateau and is traversed, with several
exceptions, by the low anplitude folds characteristic of this structural province. Figure 2 depicts
the areal geol ogy above the baserment fault zone including surrounding regions within the investigation
area. Two distinct fold trends are evident with predom nant and subordinate axial trace directions of
N40-45E and N-S respectively. A formline map of surface coals in Wst Virginia conpiled by Shumaker
(1974), depicts surface rock configuration and conplinents structural data shown on the West Virginia
State Geological Map (Cardwell, et al., 1968).

The al | ochthonous flexures with the greatest wavel ength, anplitude and extent within the inves-
tigation area are the Warfield anticline and northern and southern ends of the Mann Muntain and
Burning Springs anticlines respectively. These structures are characterized in the subsurface by
contrasting asymetry and tectonic thickening at and above different decollenent depths.

1. Structure contour maps by Haught (1968) and Perry and WIlson (1977) show that the Mann Moun-
tain anticline is reflected only at the conparatively shallow nm ddl e M ssissippian Geenbrier |evel.
O der |lower and middl e Devonian Oriskany and Onondaga strata are not involved in Mann Muntain fold-
ing (Cardwel |, 1973, 1974) indicating tectonic thickening of decollenent units between the G eenbrier
and Onondaga formations. Moreover at the Greenbrier level the Mann Muntain anticline is narkedly
asymmetrical towards the west with a closure of 90 neters (300 feet), and naxi mumrelief approaching
150 meters (500 feet).

2. The Burning Springs anticline is devel oped at the Onondaga |evel, Structural relief of 460
neters (1500 feet) is indicated at the top of the Onesquethaw (Onondaga) in the Sand Hill area. At
this level the structure has a pronounced westward asymetry. This asymetry is enhanced by thrust
faulting along the crest of the anticline and al ong the western flank.

3.  The Warfield anticline is the major allochthonous structure forned over the deep axial region
of the Rone trough, and is situated i mediately west of the basenent fault zone. This anticline is
different fromthe previously described structures in several respects. The Warfield anticline is
di scernible not only on G eenbrier and Onondaga maps but also on a structure map of the Silurian
W I liansport sandstone as well (Cardwell, 1971). Structural relief indicated for the western and
eastern flanks of the Warfield structure at the Greenbrier and Onondaga levels is 150 meters (500
feet) and 300 nmeters (1000 feet) respectively along the southern Kanawha County boundary. In addition
the structure is asymetrical towards the east at all |evels.

Structural contours on the WIIliansport and Onondaga formations show vertical northeastward
pl unge conponents of over 300 nmeters (1000 feet) along the Warfield anticline. However, the Vertical
northeast Warfield plunge conponent at the Geenbrier level is 90 neters (300 feet). The 300 neter
Onondaga-W | | i ansport plunge conmponent corresponds with the northeastward Rome trough basenent deep-
ening in Kanawha County, whereas the 90 neter vertical G eenbrier plunge conponent corresponds with
the plunge shown on the coal formline map of Shumaker. Fart of the 210 neter (700 feet) Warfield
anticline plunge difference between Onondaga and Greenbrier levels is attributed to the fact that
G eenbrier rocks rise regionally to the northeast in contrast to Onondaga strata that plunge region-
ally northeastward.

A regional isopach nmap of all strata included in the interval between the tops of the Greenbrier
and Onondaga formation is given in Figure 3. These strata consist predom nantly of Devonian shal es
that are of primary inportance to eastern gas shale production. The isopach map shows a regional
nort heastward thi ckening of mddle Devonian through middle Mssissippian units. Sinilar northeast-
ward thickening on a regional scale is shown on a statew de Devoni an shal e i sopach nap by Patchen
(1977). However, |ocal thickening associated with the Warfield anticline, and northern and southern
ends of the Mann Mountain and Burning Springs structures respectively, disrupts this regional trend.
Interval thickness changes al so occur within other |ess pronounced anticlines and synclines. Also,
the isopach contours indicate |ocalized anomal ous thickness changes over much of the basenent fault
zone.
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An isopach map of the Onesquet haw stage by Cardwell (1973) shows a regional thickening of these
strata over the Rone trough, In contrast, the same map shows Onesquet haw thinning over and parall el
to the southern West Virginia arch. Regional thickness variations of this nature may reflect basin
subsi dence synchronous with deposition, in contrast to localized tectonic thickening of strata above
a decol | enent.

COAL FRACTURES AND FRACTURE DOVAI NS

The tendency of coal seams to fracture systematically into face and butt cleat (orthogonal
systematic-nonsystematic fracture sets) is wdely known. Regi onal studies of fracturing directions
in coal have been done in Chio by Ver Steeg (1942) and Pennsylvania by N ckel sen and Hough (1967).
Systematic fractures in all lithologies are currently being studied throughout West Virginia, south-
west Virginia and western Maryland by the authors.

Coal Fracture Donmins

Systematic and abutting nonsystematic coal fractures maintain a uniformorientation throughout
large areas, thereby defining distinct fracture domains (Figure 4). Coal fractures in any domain are,
with few exceptions, perpendicular to bedding, and systematic-nonsystematic fractures are generally
orthogonal to each other. \Were regional fractures occur on fold linmbs or within fault zones, they
bear no consistent relationship to these structures. \Were bedding dips steeply regional coal frac-
tures are nerely rotated and remmin perpendicular to bedding. However, |ocal systematic and non-
systematic coal fractures that post-date and abut against regional sets can form perpendicul ar and
parallel to fold hinges (Figure 5), or develop due to localized stresses about fault zones. Therefore
regional systematic coal fractures are, as a rule, not related to the stresses that caused fol ding
and faulting. In eastern West Virginia regional systematic fractures in M ssissippian and Devoni an
sandstone shal e and |inmestone al so predate folding (Dean, Kulander, 1977; Dean, Kul ander, WIIi ans,
in press).

Fracture patterns in any rock type can generally be separated into distinct regional or local
fracture domains. Regional coal fractures in any given domain can possess a singular trend for over
a thousand square Kkilometers. A given domain may al so be marked by systematic fractures of several
distinct trends. Fracture domain boundaries can be sharp (up to 15 kiloneters in width) or grada-
tional. Domain boundaries can separate fracture domains characterized by fracture sets of dis-
tinctly different trends. Domain boundaries can also sinply delineate a region where additional
fracture sets uncommon to an adj acent domain occur in conjunction with one or several fracture sets
common to both domains. If simultaneous fracturing occurred in two adjacent domains, the inter-
vening domain boundary also acted as a stress boundary.

Three fracture domains, denoting different stress to fracture orientations, are evident on the
coal fracture trend map of southern West Virginia.

1. Systematic fractures over the Rome trough in Kanawka, Lincoln and Boone Counties
trend N45W with few exceptions and partially define one fracture domain. Systematic
fractures within this domain are well formed at any outcrop and regional fracture
trends vary little about the mean trend at any given outcrop. The western and northern
boundaries of this fracture donmain have not been determni ned.

2. Another distinct fracture donain is devel oped in coals over the central West
Virginia arch to the east of the zone of Rome trough basenent faulting. Wthin
this domain fracture trends strike predominantly N7/5 to 85E. Again these fractures
are wel |l devel oped and tightly grouped about a mean trend at most outcrops. The
eastern and northern boundaries of this fracture donain are currently being

det er m ned.

3. The remaining fracture donain is situated over the northern flank of the
southern West Virginia arch. This domain is unique fromthose previously
described because it is characterized by nultiple systematic fracture sets.
Wthin this domain fracture sets trend N15W, N45W, and EW and occur together
at many outcrops. Any one fracture set may be dominant at a given outcrop,
and fractures of any given set are grouped nore variably about a mean trend.
When two or three of these fracture sets occur together, fracture perneability
is increased, and the coal is chaotically fractured.
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Coal Fracture Domai n Boundari es

The boundary separating domains one and two is nmarked and abrupt. Fracture trends conmon to one
donai n change within two to fifteen kilometers to fracture trends characteristic of the adjoining
domain. Systematic fracture trends common to both domains nmay occur together within this domain
boundary. In addition local fracture sets can also be present. This domain boundary coincides
exactly with the underlying basenent fault zone.

The irregul ar east-west trending domain boundary approximating the 38°% parallel separates the
first and second fromthe third described fracture domain. The western section of the boundary is
abrupt and occurs where the single fracture set common to the northwestern domain (first described)
is devel oped in conjunction with additional fracture sets common to the third domain. The N45W
fracture set occurs across the fracture boundary and is common to both donains. The eastern sector
of this domain boundary is nore indistinct and occurs over a wider area. This boundary sector
separates fractures to the north that trend N75-85E (second described domain) from south-1ying frac-
tures of the third described domain.

Fracture Frequency - Stress to Fracture Directions

Fracture frequencies in coal of all domains are as a rule nore highly variable at a single out-
crop than over an entire fracture donain. Fracture frequency in glossy vitrain layers is greater than
in dull fusain and durain coal layers. Fracture frequencies in bone coal are |owest of all, and bone
coal fractures can differ in trend fromthose in associated coal seans.

Al'l mapped systenatic and nonsystematic fractures in coal reflect stresses essential to the for-
mation of node | fractures (Kul ander, Barton, Dean, in press). In addition the norphol ogy of coa
fracture surfaces (transient and tendential features) support the assunption that all systematic and
nonsystematic coal fractures are the result of brittle failure. These fractures formed in response
to a principal tension acting perpendicular to the fracture plane. Prefold systematic fracture fre-
quency could be increased by nore recent fracturing utilizing an early anisotropy (perhaps micro-
fracturing) produced by the prefold stress. Figure 6 illustrates several transient features common
to systematic and nonsystematic fracture faces that have not been subject to extensive alteration

REG ONAL STRESS H STORY
Four distinct regional stress events can be docurmented for southwestern West Virginia

1. Overbey (1976) has derived maxi mum surface in situ stress trajectories across West
Virginia frombore hole strain gage nmeasurenments and hydraulic fracturing results

Maxi mum surface stress trajectories are interpreted as being approxi mately east-west
over nuch of the Allegheny Plateau. However, over the Rome trough, trajectory direc-
tions change abruptly to a northeast-southwest trend, paralleling the trough axis

2. Present day in situ stresses are obviously different than those responsible for
central and southern Appal achian folding, Regi onal horizontal naxi mum stresses
initiating All eghanian folding are commonly interpreted as possessing a past orienta-
tion perpendicular to regional structural trends. In no case is this stress direction
east-west or northeast-southwest. For exanple, recent investigations of the orienta-
tion of the pits and colums on stylolite faces cutting Greenbrier |imestone in south-
west Virginia and south and central Wst Virginia indicate maxi num pal eostress direc-
tions perpendicular to fold axes. (Dean, Kulander, 1978) These stylolite teeth trend
N10-30W and N60-70W in areas affected by southern and central Appal achian stresses
respectively.

3. and 4. Systematic and nonsystematic coal fractures that predate folding indicate
yet other maxi mum pal eostress orientations. As previously stated, coal fractures
propagat ed perpendicular to the principal tension. That this principal tension
direction was spatially variable is indicated by the three described fracture domains
Two assunptions can be made concerning the stress configuration. 1) Fractures were
initiated by a state of triaxial extension; 2) Principal conpressive stresses acted
perpendi cul ar to the resultant principal extension responsible for prefold fracture
devel opnent . In the latter case nost principal conpressive stresses would differ in
orientation from stresses attributed to the Alleghenian folding process, as well as
present day stresses.
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One not abl e exception nmay occur to the general rule that coal fractures are unrelated to Alle-

ghenian folding conpressive stress. A coal fracture set in the domain south of the east-west domain
‘boundary (described domain three), is oriented N15W perpendicular to the southern Appal achian struc-
tural trend and parallel to southern Appal achian G eenbrier stylolite teeth axes further east. It is
possible that multiple coal fracturing in this domain nay be attributed to stresses responsible for
Appal achi an folding. However, the authors contend that such fractures, if formed under these stress
condi tions, would have devel oped before any significant buckling occurred because of the brittle
nature of the coal. A detailed investigation of transient and tendential fracture characteristics
woul d prove or disprove this statenent.

Nonsystematic fractures formed, in all cases, after geometrically related systematic sets.
Systemati c-nonsystematic fracture pairs maintain an orthogonal relationship. Therefore, it follows
that the principal extension directions responsible for these fractures acted at different tines and
perpendi cul ar to each other.

DECCLLEMENT OBSERVATI ONS

CGeol ogi sts have for sorme tinme accepted the fact that Pal eozoic shal e sections have served as
detachment horizons beneath the Allegheny plateau. For exanple, in the area under investigation
tectonic thickening and thinning of Devonian decollenent strata occurs within anticlines and syn-
clines. Also the Devonian shale regional thickening rate varies over the Rome trough basenent fault
zone. Sone tectonic decollenent thickness variations may have been enhanced by | ocal changes in the
prevailing stress field not attributable to alterations of dinensional or physical properties of any
given slip horizon. For exanple an altered stress field could also affect the sense of movement and/
or local deformational style in any decol | ement zone.

Di scussi on

The Mann Mountain anticline is asymetrical towards the west at the conparatively shal | ow Green-
brier depths, and fol ding does not extend into Onondaga and ol der rocks. Perry (personal communica-
tions)” concludes that the Mann Mountain anticline nmay be the western linit of detachment at the
MIlboro level in south-central West Virginia. In contrast the Warfield anticline, trending parallel
to, and immediately west of, the basement fault zone, is asymetrical towards the east. In addition,
the Warfield structure is reflected in rocks below the Silurian Wlliansport sandstone. This indi-
cated thickening of pre-WIlliansport rocks nmay be explained by additional decollement activity in
underlying Silurian or upper Ordovician shales. If thickening below the Wlliansport |evel is attrib-
uted to westward decol | ement nmovenment within these |ower |evels, one nust assune that this decoll enent
activity transported the Mann Muntain structure westward with no conconitant tectonic decoll enent
thickening. Furthernore the eastward asymetry of the Warfield anticline would therefore have to be
attributed to underthrusting or sonme such nechanism The regional isopach map (Figure 3) reflects
the contrasting asymretry of the Mann Muntain and Warfield anticlines and shows Devonian | ower
M ssi ssi ppi an thickening within these structures to be asymmetrical to the west and east respectively.

Warfield and Mann Mountain structural geonmetry and folded Silurian rocks in the Warfield anti-
cline suggest eastward decol | ement novenent into the Rone trough at the upper Ordovian-lower Silurian
as well as the Devonian level. Eastward decol | ement novenent would be facilitated by an eastward
regi onal basement gradient that is steepened along the west flank of the Rome trough. Furthermore it
follows that the limt of major westward decol |l enent transport would |ie between the Warfield and Mann
Mountain structures at one or all decollenment |evels. The chronol ogical devel opment of the Warfield
Mann Mountain structures is a critical untested factor in any such placenment of the westward detach-
ment boundary.

The basenent fault zone, accentuating the western flank of the central West Virginia arch, 1s
al so situated between the Mann Muntain and Warfield structures. This spatial relationship suggests
that the steepened gradient along the western nargin of the Rome trough and Rone trough faults may
have played a role in altering principal stress configurations during tines past as well as the

present. Any basement fault-related regional stress alteration occurring with decollenent activity
may have affected the decol |l ement nechanismitself. Evidence for regional stress alterations related

to the zone of basenent faulting is four fold.
1. Principal stresses initiating systematic and nonsystenmatic coal fractures differed

across the domain boundary over the basement fault zone. Here, it is probable that coal
fractures in both domains formed sinultaneously.
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2. Present day in situ principal stresses change abruptly over the Rome trough.

3. Advani, et al. (1977) have shown by finite stress analysis that simulated stress
magni tudes and trajectories are altered about a buttress such as the Rome trough base-
ment faults.

4. The basenent fault zone |ies between the Warfield and Mann Mountain anticlines
as does the proposed limt of western decollenment novenent.

Decol | enent Porosity

Devoni an gas bearing shal es have served as decol | ement horizons throughout the Valley and Ridge
and Allegheny Plateau. The authors believe that processes related to the decol |l ement nmechani sm can
enhance rock porosity and perneability within the decollement zone. Previously it has been concl uded
that sections of tectonically thickened Devonian strata do exist. Thickening nost |ikely occurs
predoninantly in shale sections, especially if wedging of conpetent strata is negligible.

Porosity in tectonically thickened allochthonous shale may be enhanced by the same processes
that produced the thickening. Specifically, shale porosity and decol | ement displacement may be
i ncreased by kink band growth in response to an increase in |lateral stress. The possibility that
local ly incregsed | ateral stresses associated with basement faulting may exist has been shown by
Advani (1977).° That elevated lateral regional stresses existed is demonstrated by Appal achian de-
collements thenselves. It is comon know edge that the flexural slip mechanismis predomnant in kink
band deformation. Generally the layers remain nearly constant in thickness within, and adjacent to,
the kink band while the layers are flexed at the hinge. Kink band growth can increase porosity by
three distinct mechanisns.

Figure 7a, (after Ramsay, 1967) illustrates one nethod of kink band fornmation. Here, a maximm
tectonic conpressive stress acts laterally and parallel to layering. The sequence of strata is
I ocal Iy thickened by devel opment of a kink band. During kink band formation a change in area occurs
within the sector affected by stresses al and c¢g. This dilation shown by the stippled pattern in the
hinge area, produces a tectonically induced porosity (Pi). The length (1) of any |ayer measured from
Ato Fin Figure 7a, remains the same. The strain produced by this nmechani smcan be shown as:

strain = A areal/original area
Therefore induced porosity, Pi, a direct result of this strain, is:
Pi = area (DCB+FGH) / area AFEB
or (after Ramsay, 1967):

Pi

i}

t/1 (2 tan of2-a)

Therefore, Pi is the induced porosity associated with any given kink band, provided the kink band
| ayer paranmeters do not vary during deformation.

Ki nk bands can al so increase porosity in another manner. Wthin each kink zone the flexural
slip deformation can initiate en echelon tension fractures that cut across kinked strata and are
oriented approxi mately perpendicular to the principal extension direction.

The induced porosity at kink hinges can be graphed for kink bands where B1=B2 by plotting Pi
with respect to strata inclination' (a) for various t/1l ratios (Figure 7b). A-perusal of the graphed
i nduced porosity values shows that for this type porosity to be significant the t/l ratio nust be
greater than approximtely 0.5, and should approach 1.0. Admittedly porosity formed by this nmecha-
nism may not be large. However, in marginally productive shale wells dependent upon fracture pernea-
bility, any induced porosity may be critical. The induced porosity for chevron folds is also plotted
at select t/1 ratios for conparison.

Anot her ki nk mechanism that can produce greater induced porosity, occurs where B1<B2 (Figure
8a). This mechani sm does not strictly entail flexural slip along layers within the kink band.
Cccurring with flexural slip between bedding outside of the kink band is a conponent of novenent
within the kink that is parallel to the principal stress direction. As a result openings form be-
tween layer boundaries within the kink band, assuming that |ayer thicknesses remmin unchanged. Here,
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the induced porosity can be viewed as the strain perpendicular to |ayering produced by increasing the
length of t tot + At.  The induced porosity associated with the kink zone, provided At is constant,
is given by (after Ramsay, 1967).

Pi = (sin By/8y) - 1

The induced porosity produced by this mechanismis graphed in Figure 8b. I nduced porosity is plotted
versus Bp-By for various constant values of B3. Generally B,-81 will not exceed 10°. Also 81 should
sel dom be | ess than 45° and shoul d approach 60°. Wthin these linits, porosity could be increased by
up to 10 percent (0.1 Pi).

Construction of a kink band nodel for g9<B1 would show contraction across |ayering. This situa-
tion is uncommon. However, if bedding contraction does occur porosity can be produced by the forma-
tion of en echel on extension fractures or brecciation of the kink band.

The tectonically induced porosities for the kink band nodels could be | owered by deposition of
secondary mineral matter within dilation zones.

The occurrence of kink bands in tectonically thickened decol |l enent shal es beneath the plateau
woul d not be surprising. The Burning Springs anticline resenbles a box fold (Gas nn, 1964) that
possesses all the characteristics of a large conjugate kink (see Faill, 1969). Also, observed out-
crops across the flanks of the Warfield anticline show planar |inmbs and suggest that growth of this
structure may be related to a kinking process. Finally, to the east in the folded Plateau, Devonian
shales within the Deer Park anticline and other structures are deformed into small upright folds with
sharp hinges (Wheeler, personal communication).

Horizontal shortening of at |east ten percent has occurred in allocthonous strata across the
Burning Springs anticline. It has been denpnstrated that a shortening of this magnitude is sufficient
for kink band formation. Patterson and Weiss (1966) show the visible inception of kink band formation
in deformed |aboratory specimens at five percent shortening. They show marked ki nk band defornation
at ten percent shortening that produces g angles approachi ng 500°.

Anot her factor supports the concept of kink devel opment in plateau shal es. Ramsay (1967) shows
that a given anount of kink band shortening requires |ess finite shear strain along stratum surfaces
than for the same shortening devel oped with chevron folds. This should also apply to other folds
formed associated with tectonic shortening of a stressed colum of thin-bedded strata. It follows
that the amount of work required to produce kink shortening would al so be Iess.

Pore pressure inherent in decollement horizons can affect kink band devel opment and resulting
deformational style. It is known that changes in nechanical properties of rocks undergoing kink
deformation affect kink devel opnent. I ncreasing pore pressure should not be uncommon in deformng
thin-bedded decollenent strata. Evidence that pore pressure did exceed lithostatic pressure within
the Devoni an shal es cored by the Nichol as-Conbs well in Perry County, Kentucky, approxinately 30
kilometers (19 miles) west of the Pine Mountain overthrust outcrop, is indicated by horizontal |ayer
parallel partings filled with vertical mneral fibers.

El evated pore pressure would act to decrease ductility and cause rocks to behave in a brittle
fashi on. If pore pressure increased concomtant with kink devel opnent faults may devel op al ong ki nk
zones with resultant brecciation. Faults followi ng kink zones would ideally be inclined approxi mately
60° instead of the expected 30° to the horizontal. High dip of fault planes is suggested by Devonian
shal e cores fromthe N cholas Conbs well (Kulander, Dean, Barton, 1977). Here six northwest dipping
fault planes occur within 6.7 meters (22 feet) of cored section. Three faults dipped between 45°
and 65°, Five of the six faults dipped at angl es hi gher than 30°.

CONCLUSI ONS

1. Regional fracture patterns can be separated into domains. Three coal fracture
donmi ns have been mapped in southwestern West Virginia. Regional systenatic and
nonsystematic coal fractures predate Alleghanian folding. These fractures are the
result of brittle failure and propagated perpendicular to the greatest tension.
Therefore coal fracture donains delineate pal eostress donains.
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2. Fracture porosity may be increased in fracture domain boundaries or within select fracture
domai ns.

3. At least four different regional principal stress events have affected Pal eozoic
rocks in southwestern West Virginia from pre-Alleghenian Pennsylvanian tinme to the
present.

4. Regional lateral stresses produced by any fold generating decol | ement mechani sm
can be altered over a basin boundary nodification such as the Rone trough. The
fact that a pre-Alleghenian fracture donain boundary coincides exactly with the
underlying Rome trough basement fault zone indicates that regional stresses not
related to folding nay al so be nodified by basenment structure.

5. Fold geonetry on either side of the eastern flank of the Rome trough and Silurian
Wl lianmsport folding in the Warfield structure, suggest that slight west to east
decol | ement nmovenent may have occurred into the Rome trough. Eastward moverent woul d
be facilitated by an increased gravitational potential produced by uplift of the
Cincinnati arch during Carboniferous time. Also the basenment gradient steepens along
the west flank of the trough.

6. It follows fromconclusion five that the linit of western decollenment novenent
in southwestern West Virginia may |lie somewhere between the Mann Muntain and War-
field anticlines at one or all decollenent |evels. Relative Mann  Mount ai n-Varfiel d
fold chronology is inmportant in |locating any such western decollenent limt.

7. Regional decollement nmovenent and | ocal decol | ement thickening may be facilitated
by formation of kink bands in thin bedded shale units. Kink band devel opnent woul d
act to increase rock porosity.
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Figure 2, geologic nap of Kanawha County (dashed) and surrounding regions.
Pd=Dunkard Goup (crossed), 1Pm=Monongahela Group (blank), 1Pca=Conemaugh
Goup and Allegheny Formation (stippled), 1Pk=Kanawha G oup (bl ank), 1Pnr=
New River Goup (checked). stippled band indicates zone of subsurface base-

ment faulting.  Geol ogy from Geol ogical map of West Virginia, Cardwell, et al.
1968. Scal e = 1:560,000.
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Figure 3, isopach map of middle Devonian through middle Mississippian strata
constructed from structure contour maps of the Onondaga (Cardwell, 1973) and

Greenbrier (Haught, 1968) limestones. Contour interval in 100s of feet.
Scale, 1:600,000

76

13



ROVE TROUGH - FRACTURE DOVAI NS, STRESS HI STORY, DECOLLEMENT STRUCTURES

SYSTEMATIC & NONSYSTEMRTIC FRACTURES

CORL

§ 38
L T s

Figure 4, systematic-nonsystematic fracture trends in coal.
Barb with ball indicates mean systematic fracture trend.

Naked barb indicates mean nonsystematic trend. systenmatic
barb Iength is inversely proportional to the standard devia-
tion of ten fracture set azinuth bearings taken over each
outcrop extent. Systematic-nonsystematic barbs originate at
station locations. Stippled band indicates zone of subsurface
basenent faulting. Scal e, 1:1,000,000
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Figure 5 tendential view of regional and |ocal systematic-nonsystematic
fracture sets. The regional systematic fracture set parallel to arrow
and the abutting orthogonal non-systematic fracture set predate fol ding.
A second local systematic fracture set, parallel to bedding slickensides
and pen, and rel ated orthogonal non-systenatic fracture set, formed after
the regional fractures. Local systenatic fractures may be a reflection
of fold related strain. The abutting relationship can be used to deter-
mne fracture chronology. Local fold axes are perpendicular to the pen
and local dips are less than 10 degrees.
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top

nonsystematic:
fracture

Figure 6, closely spaced tw st and inclusion hackle steps
(arrow) on coal systematic fracture surfaces indicate coal
fractured as a brittle solid. Fractures initiated at'the
top of the coal seam and propagated towards its base in
response to a maxinum stress along the coals upper surface.
Phot om crographs are of fractures in sane coal seam nine

mllimeters thick.
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0.2.
Py

Figure 7b

0.1 1

Figure 7a, idealized kink band norphol ogy where Bl=82,
and induced porosity is forned at |ayer boundaries
about the axial trace (after Ramsay, 1967). Figure
7b shows graphed val ues of tectonic porosity with
variation in t/l ratio and limb inclination a. Pi

val ues (dashed) are graphed for chevron folds for
conpari son.
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Figure 8b
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Fi gure 8a, idealized kink band norphol ogy where Bl<62

and tectonically induced porosity is formed al
al ong | ayer boundaries between axial traces. Figure
&, shows graphed val ues of induced porosity with

variation in Bl and 32 - Bl'
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MANN MOUNTAIN ANTICLINE: WESTERN LIMIT
OF DETACHMENT IN SOUTH-CENTRAL WEST VIRGINIA

Wlliam J. Perry, Jr. 1
955 National Center
U S. GCeol ogical Survey
Reston, Virginia 22092

ABSTRACT

The Mann Mountain anticline in the Allegheny Plateau of south-central West Virginia is a | ow,
west-facing, thin-skinned fold of aberrant trend with respect to nearly all other Appal achian
fol ds. It and the closely rel ated Ravenseye anticline are rooted in the basal part of the Devonian
shal e sequence bel ow the M ddl esex Shal e Menber of the Sonyea Fornmation. The geonetry of these
folds is directly related to tectonic thickening of the basal Devonian shale units by faulting and
possi bly by flowage above a decol | enent at or just above the base of the Marcellus Shal e. The Mann
Mountain anticline marks the western limt of thin-skinned deformation in this part of West
Virginia; its position appears to be controlled by rather abrupt westward thinning of the Marcellus
and inmediately overlying weak shale beds against a regional unconformty.

Shows of natural gas have been found in the basal Devonian shale interval on the crest of the
anticline. G eater fracture porosity and possibly significant anounts of natural gas nmay be present
high on the northwest linb of the anticline at localities where structural closure is greatest or
where fracture zones cross the linb.

| NTRODUCTI ON

The Mann Mountain anticline is a low west-facing fold in the Allegheny Plateau province of
south-central West Virginia (fig. 1). This fold trends roughly north in southern and central
Fayette County to N.26°W. in northern Fayette and southern Nicholas Counties (fig. 2) in contrast to
the northeast structural trend of mpst Appal achian folds. Structural contours on Pennsylvanian coal
beds at and near the land surface, suggest that the Mann Muntain anticline plunges north to
northwest throughout nuch of its length. At nost, 200 ft (64 m of closure exists at the surface,
restricted to a small area of southeastern Fayette County (fig. 2).

Several deep wells have been drilled along the axis and flanks of the Mann Mbuntain anticline
(fig. 2). Fromthese and other deep wells, Cardwell (1973, 1974) and Perry and WIlson (1977)
conpil ed structure-contoured maps of, respectively, the top of the Onondaga Limestone and equival ent
beds (M ddl e Devonian) and the top of the Oiskany Sandstone (Lower Devonian). Both maps show t hat
the Mann Muntain anticline and the Ravenseye anticline to the east are absent at these depths.
Therefore, these anticlines are shallower rooted folds; a decollenent exists above the |level of the
Lower and M ddl e Devoni an carbonate and elastic rocks (fig. 3), which are not involved in the
deformation of the shallower cover. These deeper rocks dip gently to the east, southeast, and
northeast from central Fayette County (fig. 3). | see no basis for deep-seated faults or folds
between existing wells near the Mann Muntain anticline.

Previ ous specul ati ons concerning the significance of the Mann Muntain anticline include those
of Rodgers (1963, p. 1532), who included this fold in a N.20°%.- trending zone of structural
di sturbance across Vst Virginia, restricted to the shallow cover above the Salina salt (Upper
Silurian). Salina salt is absent in the vicinity of the Mann Muntain fold (Smosna and others,
1977) and, therefore, cannot be a factor here.
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Gurinn (1964, p. 890) was the first to suggest that such low anticlines nay be rooted in the
Devonian shale units. Mlici (1980) has provided a regional framework of thin-skinned deformation
with respect to oil and gas potential and has delimted the extent of decollenent within the
Devoni an shale units in the Appal achi an basin (including the study area).

Structural contours on the Greenbrier Limestone (Upper M ssissippian) show that the Mann
Mountain anticline involves M ssissippian rocks (Perry and Wlson, 1977; fig. 4, present report).
Structural closure on the Geenbrier Linestone appears to be roughly the same as that on the
Pennsyl vani an coal - bearing beds (fig. 2) in spite of the southward and sout heastward thickening of
the intervening rocks. A sinplified "thin-skinned" nodel of the Mann Mountain fold (fig. 5)
prepared for the First Eastern Gas Shales Synposium (Perry and others, 1977), was based on the above
data as well as on prelimnary correlations within the Devoni an shal e sequence.

The purpose of the present study is to show, by careful analysis of Upper Devonian and Lower
M ssi ssippian rocks, that the Mann Mountain anticline is localized by depositional relationships
within the lower part of the Devonian black shale units, specifically, by westward progradation over

a regional Mddle Devonian unconformty. I will briefly discuss the structural relationships of the
Mann Mountain and Ravenseye anticlines with respect to finding natural gas in the Devonian shal e.

DI SCUSSI ON

The Greenbrier Linmestone (Upper M ssissippian) thickens to the southeast and south across
south-central West Virginia (Flowers, 1956; Kline, 1976; Perry and WIson, 1977). The base of the
G eenbrier appears to rest unconformably on red beds, sandstone, and siltstone of the Lower
M ssi ssi ppi an clastic sequence (fig. 6). Two silty sandstone units, the drillers' "Wir" and
"Second Wir," can be correlated from Boone County into southeastern West Virginia beneath the
Geenbrier (fig. 6). These sandstone units may represent transgressive narginal marine deposits in
a sequence of gray to dark-gray lignitic shale and |enticul ar sandstone. Correl ations based on
gamme-ray, density, and other well logs show that a thin, lowdensity radioactive black shale
extends across nost of the area about 250-300 feet (75-90 n) below the "Second Weir." This unit is
the Sunbury Shal e (Lower M ssissippian) of the western flank of the Appal achi an basin, the "Coffee
Shal e" of West Virginia drillers. Little if any Berea Sandstone (basal M ssissippian) underlies the
Sunbury in the area (fig. 6).

In order to prepare an isopach map of the Lower M ssissippian clastic sequence, | used the base
of the Sunbury to approximate the M ssissippian-Devonian contact, realizing that the precise contact
may be slightly lower stratigraphically. This clastic sequence thickens rather unifornly southward
(fig. 7 and table 1). The purpose of this exercise was to be able to isolate the gross Lower

M ssi ssi ppi an sedinmentation pattern fromthe narkedly different configuration of the Devonian shale
(fig. 8).

The Devoni an shale units have a gross depositional trend at nearly 90° to that of Lower
M ssi ssi ppi an rocks, particularly in the central part of the area (fig. 8. Wstward fromthe
vicinity of the Mann Muntain and Bavenseye fol ds, the Sunbury interval can be readily deternined
from gamma-ray | ogs. The Devoni an shale units are anonmal ously thick under these folds, in direct
proportion to the position of the well on the anticline; the structurally higher the well, the
thi cker the Devonian shale. A conparison of structure at the Oriskany level (fig. 3) below the
Devoni an shale beds, the structure at the Geenbrier level (fig. &), and the isopach map of the
Lower M ssissippian clastic rocks (fig. 7) also leads to the conclusion that the Devoni an shal e beds
must be overthickened under these folds. An additional conclusion, forced by conparison of these
maps with the Devonian shale isopach map (fig. 8), is clear: the anonal ous thickening of the
Devoni an shale units under these folds is responsible for the geonetry and position of the folds.

The map of Devonian shale thicknesses (fig. 8) suggests that within the Devonian shale units
the Mann Mountain fold persists at least 7 miles (11 km farther south than has been mapped at the
surface (fig. 2 and Henry and others, 1977). Alternatively, a structural saddle may exist between
the south end of the Mann Muntain anticline and deep well no. 48 in southeastern Raleigh County, as
shown on the Geenbrier structure map (fig. 4). Well no. 48 (fig. 8) penetrated nore than 4200 feet
(1280 m) of Devonian shale, whereas wells to the east and west penetrated | ess than 4000 ft (1220 m
of shale. If well no. 48 did not penetrate a southern subsurface extension of the Mann Muntain
fold, why the anomal ous thickness of Devonian shal e? Anonal ous Devonian shale thicknesses (fig. 8)
al so extend northeastward fromthe highest part of the Mann Muntain fold al ong the axial zone of
the Ravenseye anticline and beyond the end of the Bavenseye fold, as nmapped on Pennsylvanian coal
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beds (fig. 2), along the northern extension of the Ravenseye fold suggested by the Geenbrier

structure map (fig. 4). Pennsylvanian coal beds (fig. 2) in this area were mapped nore than 40
years ago, and the maps nmmy be inaccurate because of 1, topographic inaccuracies in the older base
maps; 2, possible mscorrelation of coal beds; and 3, inaccuracies in |eveling. In spite of these

uncertainties, the previous conclusion holds: the anonmalous thickening of the Devonian shale units
under the Mann Muntain and Ravenseye anticlines is responsible for the geonetry and position of
these folds. | conclude that this thickening represents faulting or flowage in the Devonian shale
units that can only be attributed to thin-skinned tectonics.

Deep wells in eastern Ranawha, Raleigh, and western to central Fayette Counties show that the
Devoni an shale units thicken stratigraphically about 30 ft/mi (5.7 mkn) eastward to the western
flank of the Mann Muntain anticline (fig. 8), where this thickening rate increases drastically. |
have attributed this drastic increase to faulting or flowage. East of the fold's crest, Devonian
shal e thickness either decreases or remains nearly constant before beginning to increase again in
western Greenbrier County. Stratigraphic profile CC (fig. 9) indicates that nuch of this eastward
thickening is in the shal e beds bel ow the Rhinestreet Shale Menmber of the West Falls Fornation of
New York (Upper Devonian), in part because of westward progradati on (downl ap) of Upper Devoni an
shal e units bel ow the Rhinestreet against a major M ddle Devonian unconformty docunmented el sewhere
by Wallace and others (1977) and by West (1978).

In addition to this depositional thickening, some tectonic thickening by either faulting or
flowage (or both) appears to be present in the pre-Rhinestreet Devonian shale interval in well no.
48 with respect to, wells to the east and west (fig. 8 and 9). Tectoni ¢ thickening of the pre-

Rhi nestreet Devonian shale is even nore clearly shown in profile DD' (fig. 10), where reverse
faulting of beds below the M ddl esex Shal e Menber of the Sonyea Formation (Upper Devonian) repeats
about. 100 ft (30 m) of shale in wellno. 20. In the places noted above, we see that

the decol l ement must lie bel ow the Rhinestreet and probably bel ow the M ddl esex; from previous work
(Cardwel |, 1973; Perry and WIlson, 1977), we know that it |ies above the Onondaga.

Correlated data (table 2) from geophysical borehole | 0gs in northeastern Fayette County and the
adjacept corner of Greenbrier County define nore closely the stratigraphic position of
this decol |l enent. Correlations within the Devonian shale units are based on West (1978, wells 5 and
6) and standard geophysical well-log correlation techniques. Anal ysis of these data with respect to
wells 13 and 17 (fig. 8), located off-structure east and west of the Mann Muntain fold, indicates
that tectonic thickening in intermediate well no. 20 on the crest of the fold is added to an
eastward stratigraphic thickening of Devonian shale units of 50 ft/mi (9 mikn) in the vicinity of
profile DD', assuning that the off-structure wells contain a normal thickness of Devonian shale.
Vel | no. 28 appears to be on a thickened shale zone under the Ravenseye anticline (figs. 4 and 8).
Therefore, structural conplications may be present bel ow the Mddlesex in this well, at variance
with the sinple interpretation previously shown (fig. 10). Profile EE' (fig. 11) indicates that
this is true. This profile prepared fromthe data tabul ated above (table 2) plus correlations from
a gamma ray log of well no. 26, clearly place the decollenment in the pre-M ddl esex Devoni an shal e
units above the Onondaga Linmestone. A close conparison of geophysical borehole logs in this area
indicates that the decollenent is within the Marcellus-MIlboro interval not far above the base of
the Devoni an shal e.

The stratigraphic interval fromthe top of the Mddlesex to the top of the Onondaga decreases
steadily westward in off-structure wells (fig. 11), from387 ft (118 m) in well no. 30, to 241 ft
(73 m in well no. 13, to 149 ft (45 m in well no. 17 just west of the Mann Mountain fold. The
thi ckness of radioactive black shale units in this interval decreases even nore sharply: from 140
ft (43 m) in well 30, westward to 20 ft (6 m) in well 17, a decrease of 86% Cal i per logs from
wells on the crest of and east of the Mann Muntain fold show that these shal es have sl oughed into
the borehole, significantly enlarging borehole dianeters, whereas caliper logs fromwells in the
area west of the fold do not show this effect, indicating a westward |oss of weak, fractured black
shal e near the base of the Devonian shal e sequence.

I conclude that the Mann Mountain anticline and the western [imt of decollenment in south-
central West Virginia are sited and therefore controlled by the rather abrupt westward thinning of

these weak shale units in the basal part of the Devonian shal e sequence. As no sufficiently weak
shal e in the Devoni an shal e sequence appears to be present west of the Mann Muntain anticline,
structural detachnent and thin-skinned tectonics did not proceed farther west. The trend of the
Mann Mountain anticline and the trend of Devonian shal e thickness contours west of the anticline are
nearly parallel. | conclude that both the trend and general position of the Mann Muntain anticline
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are stratigraphically controlled by westward | oss of pre-M ddl esex structurally weak shal es agai nst
the regional Mddle Devonian unconfornity.

SHALLOW GAS POTENTI AL

In western Fayette County and adjacent areas to the north and west, the G eenbrier Linestone
(Upper M ssi ssi ppian) and overlying and underlying sandstones produce natural gas (Kline, 1976;
Perry and W/l son, 1977). Par adoxi cal | y, farther southeast along the Mann Mountain trend, where the
Geenbrier is structurally higher (fig. 4), no comercial gas production fromrocks of M ssissippian
age has been found. Thus, the western flank of the Mann Muntain anticline approxi mates the eastern
limt of Mssissippian natural gas in comercial quantities in southern West Virginia. Structural ly
hi gher beds of M ssissippian age to the southeast are water-filled, and the aquifers are comonly
brackish to fresh, indicating recharge or interchange with ground water fromthe M ssissippian
outcrop area to the southeast (data in the files of various gas conpanies.) The presence of water-
filled M ssissippian rocks on the crest of the Mann Mountain anticline strongly suggests that
generation and migration of natural gas into M ssissippian reservoir rocks occurred prior to the
formation of the Mann Muntain anticline.

DEVONI AN SHALE GAS POTENTI AL

Shows of natural gas in the Devonian shale units have been found on the Mann Muntain
anticline. Gas shows in well no. 20 (figs. 10 and 11) were detected from | ow anplitude deflections
on the tenperature log in the vicinity of the fault shown in this well. Several slight gas shows
were simlarly detected in the basal 130 ft (40 m) of Devonian shale in this well. The borehole was
extrenely rough and enlarged throughout much of this interval, as indicated by the caliper |og,
suggesting the presence of fractured shale that had sl oughed into the borehole. Sinmi | ar borehole
conditions were found in the Devonian shale interval beneath the Rhinestreet in well no. 48 (fig.
8).

More intense fracture porosity may exist on the western flank of the Mann Muntain fold than on
its crest for the follow ng reasons: (1) The Mann Mountain anticline is a west-facing fold, which
suggests that the direction of stress release during deformation was to the northwest; (2) extension
fractures formnore abundantly on steeper |inbs (Berger, 1978, p. 72-73). Such open fractures |ack
slickensides but may be cemented with silica or calcite or may be water-filled. Fracture
permeability may be inhibited by slickensides along crestal faults in the Devonian shale on the Mann
Mountain fold.

Gas-filled fracture porosity nay be enhanced where the anplitude of the fold and consequent dip
of the steeper northwest linb is greatest and where |ineanents (probable fracture zones) shown on
aerial photographs or on Landsat inmages cross this linmb (see Weeler, in press).

ACKNOWNLEDGVENTS

| appreciate hel pful discussions with Russell Weeler and C aude Dean during the preparation of
this report. Bill Butler, L. D. Harris, Frank Lesure, John Roen, and Wallace de Wtt, Jr., read the
manuscri pt and provided useful criticismand comments. | appreciate the extensive drafting support
by Lois Tom inson. Partial support for this work was provided under |nteragency Agreenent EX-76-C
01-2287 with DOE Morgantown Energy Technol ogy Center.

REFERENCES Cl TED
Berger, P. S., 1978, Extension structures in the central Appalachians: M.S. thesis, West Virginia
University, 97 p.

Cardwel |, D. H, 1973, Deep well and structural geologic nap of West Virginia, south half: West
Virginia CGeol. and Econ. Survey, scale 1:250,000.

1974, Oriskany and Huntersville gas fields of Wst Virginia: Wst Va. Geol. and Econ.
Survey, Mn. Resource Ser. no. 5, 139 p.

Flowers, R R, 1956, A subsurface study of the Greenbrier Linestone in Wst Virginia: Wst Va.
CGeol . and Econ. Survey, Rept. Inv. no. 15, 17 p.

Guvnn, V. E, 1964, Thin-skinned tectonics in the Plateau and northwestern Valley and Ri dge
provinces of the central Appalachians: Geol. Soce Anerica Bull., v. 75, p. 863-900,

85



WLLIAM J. PERRY, JR 5

Hennen, R. V., 1919, Map Il of Fayette County show ng general and econonic geol ogy: West Va. Geol.
Survey, scale 1:62,500.

Henry, T. W, Warlow, R C., Wndol ph, J. F., Jr., Meissner, C R, Jr., Englund, K. J., and Arndt,
H H, 1977, Structure contour nap of coal bearing rocks of the New River Gorge area, Fayette,
Ral ei gh, and Summers Counties, West Virginia: U S Geol. Survey Open-file Rept. OF 77-76, nmap
B, scale 1:50,000.

Kline, P. C, 1976, Recent oil and gas activity in the Gauley Muntain-Open Fork area of south-
central West Virginia, ﬂ Newsl etter, Decenber, 1976: West Va. Geol. and Econ. Survey, p. 21-
Ze

Krebs, C. E., 1916, Map of Raleigh County and western parts of Summers County showing general and
econom ¢ geol ogy: West Va. Geol. Survey, scale 1:62,500.

Mlici, R, 1980, Relationship of regional structure to oil and gas producing areas in the
Appal achian basin: U'S. Geol. Survey Msc. Inv. Map I-917f, 5 sheets.

Perry, W J., Jr., and Wlson, N T., 1977, Gl and gas data in New River Gorge area, West
Virginia: US. Geol. Survey Open-file Rept. OF-77-76, maps G and H, 2 sheets.

Smith, Gerald, and Lee, M W, 1978, Seisnmic nodelling of conplexly deforned fold-
and-thrust-belt rocks, central Appal achians (abs.); Proceedings, First Eastern Gas Shal es
Synposi um Morgantown Energy Research Center, Cct. 17-19, 1977, MERC/SP-77/5, EGS-29, p. 327.

Price, P. H, and Heck, E. T., 1937, Map of Greenbrier County showi ng general and econonic
geology : West Va. Geol. Survey, scale 1:62,500.

Roger, D. B., 1920, Map Il of Nicholas County showi ng general and economic geol ogy: West Va. Geol.
Survey, scale 1:62,500.

Rodgers, John, 1963, Mechanics of Appal achian foreland folding in Pennsylvania and West Virginia:
Am Assoc. Petrol eum Geol ogists Bull., v. 47,
p. 1527-1536.

Snosna, R. A, Patchen, D. G, Wirshauer, S. M., and Perry, W J., Jr., 1977, Relationships between
depositional environments, Tonoloway Linestone, and distribution of evaporites in the Salina
Formation, West Virginia: Am Assoc. Petrol eum CGeol ogists, Studies in Geology no. 5, p. 125-
143.

V4l lace, L. G, Roen, J. B., and de Wtt, W, Jr., 1977, Prelinminary stratigraphic cross section
showi ng radi oactive zones in the Devonian bl ack shales in the western part of the Appal achi an
basin: U'S. Geol. Survey G| and Gas Inv. Chart OC-80, 2 sheets.

West, M, 1978, Prelimnary cross section showi ng radioactive zones in the Devonian black shales in
the eastern part of the Appalachian basin: U S. Geol. Survey Ol and Gas Inv. Chart OC 86, 2
sheets.

Wheel er, R. L., in press, Cross-strike structural discontinuities: Possi bl e exploration tool for
natural gas in detached Appalachian foreland, in Western linits of detachment and related
structures in the Appalachian foreland: DOE/MERC Proceedi ngs vol®

1: present address: u. S. Geol ogi cal Survey, Box 25046, Mil Stop 934, Denver
Feder al Center, Denver, Col orado 80225.

2: this volune.

86



MANN MOUNTAI N ANTI CLI NE

County Well Depth to base of " " Interval
Permit  Map  Greenbrier Limestone ?ePth OE ba?: %rnbury (t
number number  (feet) og marker (feet eet)

hY
Boone Boo-1021 1 2680 3140 460
Fayette Fay-41 3 1754 2215 461
Fay-42 4 2190 2697 507
Fay-54 5 2140 2586 446
Fay-60 6 2211 2670 459
Fay-61 7 2179 2648 469
Fay-67 8 2555 3060 505
Fay-69 9 2695 3305 610
Fay-92 10 2232 2724 492
Fay-106 11 2776 3368 592
Fay-112 12 1840 2314 474
Fay-123 13 2295 2788 493
Fay-146 14 2642 3184 542
Fay-174 15 2326 2799 473
Fay-175 16 2942 2391 551
Fay-176 17 2272 2821 549
Fay-197 18 2175 2625 450
Fay 216 19 2240 2680 440
Fay-241 20 2309 2798 489
Fay-243 21 2420 2877 457
Fay-252 22 2818 3390 572
Greenbrier Gre-i2 23 2071 26107 5397
Gre-14 24 568 1320 752
Gre-15 25 1622 2325 703
Gre-16 26 2575 3068 493
Gre-17 27 1230 1818 588
Gre-18 28 2553 3044 491
Gre-20 29 1080 1760 680
Gre-22 30 3294 3820 536
Kanawha Kan-158 31 2380 2838 458
Kan-1343 32 1890 23747 4847
Kan-1657 33 2914 3337 423
Km-2481 34 2490 2922 432
Nicholas Nic-52 37 1728 2162 434
Raleigh Ral-16 39 3450 4138 688
Ral-17 40 2496 3004 508
Ral-36 41 1534 22467 7122
Ral-51 42 2835 3505 670
Ral-83 43 2508 6601
Ral-86 44 3084 3764 680
Ral-219 45 3139 3755 616
Ral-265 46 3173 3900 727
Ral-289 47 2652 3200 548
Ral-296 48 3238 3936 698
Ral-297 49 3045 3792 747
Ral-336 50 3075 3667 592
Ral-342 51 2727 3261 534
Summers Sum-1 54 1980 2777 790
sum-5 55 2254 3005 751

Table 1. Selected Mississippian well data within the Mann Mountain area (fig. 1).
Contacts taken from gamma ray-density logs where possible, based on log
correlation network.
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Tabl e 2.--Depths bel ow sea | evel
top of Rhinestreet (R),
in five critical
Fayette and adjacent G eenbrier Counties,

(D,
of Onondaga (0)

WLLIAM J. PERRY, JR

Permit Vel | S R M 0
nunber number feet(neters) feet(nmeters) feet(neters) feet (neters)
Fay-176 17 1089(332) 3986 (1215) 4546 (1386) 4685(1428)
Fay-241 20 477(145) 3505(1068) 4244(1293) 4729(1441)
Fay-123 13 728(222) 3808 (1161) 4532(1381) 4773(1455)
Ge- 18 28 369(112) 3537(1078) 4353(1327) 4832(1473)
Ge- 22 30 342(104) 3494 (1065) 4471(1363) 4858(1481)

of the base of the Sunbury Shal e
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top of Mddlesex (M,
wells in northeastern
West Virginia.

and top



40

39

a8

MANN MOUNTAI N ANTI CLI NE

§‘g', s|l. 0" 79¢ 78°
T T T
]
i |
1/ ]
’ 1
'/ I 40°
) 1
(J i
< !PENNSYLVANIA
’ TMARYLARD , Nl
] H . c
e /ﬁ‘v\_g 2
Qo -
N . _/ / ~/ N
o¥ % - AN
/“r 7 / N\,
! ’) ~
™ 200
I P /‘/
. s
\ WEST VIRGINIA {,\,
—’ . '
— ('\‘ ’/
N STUDY AREA K h—
\, K o>
' A / J
"\ MANN /" \Q.o 100 10 20 30 40 Miles
" MOUNTAIN < < 10 0 10 20 30 40 30 Kilometers
\‘. ANTICLINE \(
ENTUCKY\7( g
0 e Vil
, 5\/
- \« /\ e
7 1 .~ | | | a
o L 80* 79° 35%

Figure 1- Index map. Box shows area considered in this
across Mann Mountain anticline, see figure 5.

89

report. For structural profile AA’



& ‘sdew 2160j08b Aunoo eluibip

ISOM 8Yl UO UMOYS Sauljdiue Jo saxe 8yl juasaidal saul| paysep AAesH ‘(ueluoAsq JBMOT) Buolspues AuosQ ay)
Bunensuad sjem dosp jussaidas s8|0419 uado epIsSul S8|2IID PIOS “salrepunoq [Pr4nW SBIIUNOD SBIOYDIN-Ja1IquasID pue
‘se|oydIN-anekes ‘Ialiquasin-anekes ‘eneked-ybiajey oyl AjpAnoadsas 210 8 puo ¥ puw ‘g pue G ‘v pue G ‘G pue g seale
-gns usamiaq salepunog '(0z6T) Jobay jo paq |eod Ljemeg, '8 ((0z6T) Jobay jo paq [e0d ,9ibe3, ‘L (6T6T) usuUUeH
JO paq [e0d jjemag, ‘9 {(BTBT) UBUUBH JO paqg [e0d ,seb z ou,, 'S {(L€6T) M99H pue 8dld JOo pag [eod LJ|eMeg, Y
(916T) sgaiy jo pag [e0d & ‘OU Seluoyedod, ‘€ (9T6T) SGRINM JO pag [e0d ,||9Meg,, ‘C (9T6T) SA34Y JO pag [e0d
2l0e3, ‘T iseasreqns pasequinu Joj pajidwod a1am sioyine Buimo|ioy dyi Agq SIN0IUOD [DingaNLg ‘uonNgLISIP dosagns pue
doJoino Ag paleissedau ‘Ixau a8yl 01 pag [e0D du0o woJjy wnyep jo abueyd 81ed0| Ssaull ulor, panog ‘sdew 2i60j0ab
Aunoo eluibiA 1S9 Wody pa|idwod  'spagq [e00 UBIUBAJASUUS [RJSASS JO 8SBQ UO SINOJUOD [einionns Buimoys dep

ERLON]

SHILINOTIN O s 0
—_—
{W T9) 14 00Z=TVAYILINI ¥NOINOD S3UW 01 s o

bh.non O¢€s

~Z oanbiy

! SAIWWNS

e /

]

IIWOAA

SVolE

WILLIAM J. PERRY, JR.

0008¢

SPodt

00:8€

S1081

StoBE



MANN MOUNTAIN ANTICLINE

10

'z 2inbBl} woly sauldue akasuaney pue UleUNO UUB JO Saxe JO UollSOd
‘(912410 uedo apisul 8]2410 Pplj0S) |oquwAs [|am-desap Ag umoys ale s|em |onuod ‘(L/6T) UOS|IM pue Allsd wouy
PalIPON "BIUIBIIA 1SS\ [eJ1USD-Yinos ‘(ueluoAsg Jamo7) BuoispueS AueyslQ jo doi jo dew JInojuoo-[einidNNS ~g 8inbi4

S¥ILIWOTIN Ot S Q

(w §'0€) 14 00T=TVAYILNI YNOLNOD

S3INW 0L < 0

LSY o L€

NIVILNNOW

INNDNY
- e e e e -

S1.8E

91



1T

—
~ pue ¢ sainBy eas ‘33 pue .wv sejyoid loq ‘T OIGel o4 pakey oio sisqunu jjpp (UBIUOASQ JemoT) suoispues Auoxs 1Q
Bupensuad sjjem dssp jusseides ss8[2i1d Uado apisul sejaud plog JAHQUILID Byl Bunensuad sy@M Mojeys pa1dales
Jussaidal sojouo uado [ews ‘OIPP SIBUNSYNS JO Siseq Y} U0 z aInby woly payipow duldluo dAsSUSARY ‘9b106 Janry
M8N JO ANUIDIA 8yl SO 1SeMyINos Joj se 1sisiad Jou SI0P BUIDIUE UMRIUNOW UUBN 8yl Teyl moys oym ‘(g/4f ‘®40p "gndun)
JBUSSIBN "D U0 1o [|P@m Jo (226T) Sloyio pue AlusH uo Ajediouid paseq 'z 24nBly wolj payipow auldliue urelunol uuep
JO pua uwiByINos ‘(z Bl ‘9/6T) auld wouy (Jeuso dal) eare pauseied ul elep [euonippe (L/6T) UOSIIM pue Auad wouy
papuedxa pue paiipon ‘(ueiddississiy taddn) duolsawi] Jslquasio syl jo dol syl Jo sinojuod [einonils Buimoys dop ~¢ sinbi4
ERA o1
SUILIWOTIN OL < ]
—t—t—
w 5'0€) 14 00T=TVAHILNI dNOLNOD SIUW O( s [4
L0808 00018 0gol8
- > , . ,
/
y SYIWWNS \
° / \ \
/.
J0UNOW \ | |
° \ @@ :
.r.\:,\l,/. /, ' ﬂ
-~ \
~ . ONIWOA M
e — N U Sy,
S¥oLE — e & ey N 0‘7 o A S¥-.LE
A P
- 1,).( he
[ PY /
Lar] - P /.).
m . m.m )
z ) N
7 o’ 5 ¢ o
= [ J (i ﬁ
3 . § .
x o HOITVY /
14
[ UEON g \x\
u z . .
fay 0008¢ [U— A - #.00.8¢
-y
. ) mZOOm
NP
L
. o
i 1(..v
A o ~x
S
RN
e hd —!
SStaBt V4 2 S1oBE
00018 OEol8



MAN~ MOONTAIN ANTICLINE

12

"(£26T) uosim pue Auled
wolj eyep uo paseg ‘elulbiIA 1S9M ‘AlunoDd 818ke4 ul aul[d1lue UIBRIUNON UUDW 3y} ssoide \YVY a|oid feinionns lmo._:u_m

SHILIFNOTIN 14 z 0
slalaw
1884 SIUN ¥ z 0
000'0T~ - 000€-
0008- : 0052-
a3diAIaNN L 000z-
0009— -|NVINOAIQ ¥IMOT HONOYUHL NVIDIAOQYO ¥3ddNn y
= e e Rt P o Cp— — 00ST-
000v- - JIVHS MOV18 NVINOA3Q T~ T~
— 000T-
0002- d3dlAIANN . 00s-
NVIddISSISSIA 4IMOT ANV NVINOAIQ d3ddn
TIATT VIS - 0
voots INOLSINIT ¥IRENITYO J3AIAIANN NVINVATASNNId ANV NVIdISSISSIN ¥3ddn  00c+
90i—AVd 89—AV4 9/T-AVA4
v / ANITOIINY NIVINNOW NNV \ AN MIN v
1Sv3 1Sam

93



W LLI AM J. PERRY, JR

48
casno.sis B’
FW. SAWYER, ET, AL
RALEIGH. 296
SOUTHEAST il
i
oo
1
T
NORTHWEST 50
S
cmes service. 47
35 ROWLAND  COLUMBIA
. 51 LAND COMPANY GAS NO. %672 g
RALEIGH-338
ASHLAND PROPERTIES e
CONSOUDATED GAS  EXPLORATION.
NO. 1,313 KANAWHA VALLEY " o
FEDERAL COAL BANK NO. 3 o
COMPANY RALEIGH-342
BOONE102) o
-
i
e
™
o
o
SECOND "WEIR" SAND : :I!::o:'
o
oo
o
GAMMA RAY  BULK DENSITY
o 50 o

HORIZONTAL SCALE

o 2 3 43 a7 s
VU, S JOU SN S, S S
¢T3 1 4 o nicoweress

Figure 6— Stratigraphic profile BB' of Greenbrier Limestone (Upper Mississippian) and underlying rocks
in south-central West Virginia. Location is shown on figure 7. Well numbers ore keyed to

table 1 ond figure 7. Horizontal datum: center of “Weir” sand of drillers. Devonian shale
section of well no. 1 correlated by West (1978, well no. 5).
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Figure 10~ Stratigraphic profile DD’ of lower part of Devonian shale units. peyon i an
shale units correlated from West (1978). Horizontal datum is *‘Hyntersville’’
Formotion (Middle Devonian) at bore of profile. Location of profile is shown
en figure 8. Well numbers are keyed to table 1.
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FRACTURE PATTERNS OBSERVED IN CORES

FROM THE DEVONIAN SHALE oF THE APPALACHIAN BASIN

Thomas H. Wilson, Jeanette M. Dixon,l

Robert C. Shumaker and Russell L. Wheeler’
West Virginia University
Department of Geology and Geography
Morgantown, West Virginia 26506

ABSTRACT

This paper examines stratigraphic relationships of core induced and natural fractures and faults in
logs and cores from Devonian shales of eastern Kentucky, Ohio, and West Virginia, and suggests
models for formation of the observed orientation patterns of slickensides and slickenlines.

Slickensides occur primarily in the more organically rich, less mechanically competent Brown shales,
which produce gas in the Appalachian basin. Movement that occurred on these surfaces may have pro-
duced differential shortening in the shales (Shumaker, 1978). A stress model (Hafner, 1951) is sug-
gested as the mechanism that produced these slickensides in shales that underwent little or no

detachment. The envelope of instability calculated for this model is proposed as the geometrical
form of the porous fracture facies.

Slickensides from an interval of the Wise County core #20338 (containing the Pine Mountain thrust)
have orientations expected of first and second order faults associated with thrusting (Anderson,
1951). This pattern develops at the top of the Lower Huron shale and thus correlates with the top
of the zone of detachment as inferred from contours of blowout zones (Young, 1957). The relation-
ship between core induced and natural fractures, and slickensides, and their restricted strati graph-

ic occurrence, are also consistent with the concept of the porous fracture facies developed by
Shumaker (1978).

INTRODUCTION

This work, motivated by ideas on porous fracture facies (Shumaker, 1978), represents part of re-
search into characteristics of fracturing in the Devonian shale, and their relationship to gas pro-
duction in these shales. Mechanisms producing these fractures and slickensides are discussed for
some of the patterns observed, and their occurrence is predicted to be most intense within the
mechanically less competent, organically rich Brown shales. The term “Devonian shale” is used as
defined by Patchen‘( 1977) to include all the fine clastic rocks between the top of the lower Middle
Devonian Onondaga Limestone and the base of the Lower Mississippian Berea Sandstone. Reference to
“Brown sha 1 es” is made for the dark gray to black shale within the Devonian shale, which are usually
finer grained, organically rich, and more radioactive than the surrounding shales (Patchen, 1977).

The orientations of core induced fractures and natural fractures including slickensides, and slicken=
lines observed in cores of the Devonian shale are examined in this report. Unpublished data were
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collected by the West Virginia Geological and Economic Survey personnel working at the Morgantown
Energy Research Center’s core lab, and through personal examination of these cores by the authors.
Core data investigated in this report were taken from the two Lincoln County (West Virginia) wells
#20402 and 20403, the Marietta (Ohig well #R109, the Martin County (Kentucky) well #20336 and the

Wise County (Virginia) well #20338 (see Figure 1). |n the Wise County well, the core is taken
through the decollement in the Pine Mountain thrust sheet (see cross section Figure 2).

The meanings of the terms core induced fracture, natural fracture, slickenside, and slickenline as
used in this paper are briefly discussed here. A core induced fracture contains the fracture origin
at the core boundary or on the fracture surface exposed in the core. The fracture surface is marked
by divergent hackles that meet the core boundary or pre-existing fracture surface orthogonally
(Kulander, Dean, and Barton, 1977). The core induced fractures occur in response to stresses pro-
duced by the drilling or core extraction process. Kulander, Dean, and Barton (1977) discuss the
characteristics of pre-core and core induced fractures observed in the Nicholas Combs #7239 well,
Hazard, Kentucky, and should be referred to for a more complete description. The West Virginia
Geological and Economic Survey personnel and the authors of this paper have distinguished between
pre-core and core induced fractures using the criteria discussed in Kulander, Dean, and Barton

(1977).

A natural (pre-core) fracture is a failure surface formed in response to tensile or shear stresses,
and includes unmineralized and mineralized surfaces (some with filled or fibrous void space), and
slickenlined surfaces (slickensides). In this study, slickensides are discussed separately, while
natural fractures exclusive of slickensides are referred to as “natural fractures.” Such natural
fractures occur both mineralized and unmineralized, and although not slickenlined, do not necessar-
ily form in response to purely tensile stresses.

RESULTS

Wise County Wel1 #20338

Core induced Fractures:

Initially histograms of strike and dip of the core induced fractures were plotted for each fifty foot
interval of the core so that changes in frequency and orientation of induced fractures with depth
could be observed. The distributions of strikes (see Figure 3) are approximately unimodal with small
variance in all cases except the interval from 5320 feet to 5370 feet where the distribution becomes
bimodal with 70" separation between the means of the two preferred orientations. In all eight cases
the standard deviation in strike is less than 26°. A visual comparison of these histograms reveals
differences between their preferred orientations and suggests the possibility of statistically signi-
ficant differences between mean strikes,

In general, with circular data of this type, it is not advisable to make linear parametric or non-
parametric statistical tests unless the standard deviations of the sample populations are less than
30" (Mardia, 1978). With this criterion satisfied, the Mann-Whitney U test (a nonparametric test of
difference between the means of two distributions) was used to determine whether these observed dif-
ferences are statistically significant (Siegel, 1956). The mean strike of core induced fractures ob-
served in the interval 4870 feet to 4920 feet (Figure 3A) is significantly different at a signifi-
cance level of p = ,002 from the mean strike of fractures in the interval 4920 to 4984 feet (Figure
3B), thus representing a significant change in trend of the maximum residual compressive principal
stress (sigma 1) of the rock between these two intervals (Overbey, 1969; Komar and others, 1973).
The means of histograms B and C are very close so no test was made. There is a significant differ-
ence (at p = .025) in the mean strikes of histograms € and D. Histogram C is negatively skewed as
are A and B, while histogram D is uniformly distributed between NA4SE and N65E toward the peaked ends
of histograms B and C. Histograms D, F, and G have the same mean N56E, while histogram E is clearly
bimodal. Since the direction of the maximum compressive residual stress is interpreted as the direc-
tion of strike of the core induced fractures (Overbey, 1969; Komar and others, 1973), this bimodality
may imply that residual sigma 1 and sigma 2 are approximately equal in magnitude, or that the rock
has a fabric producing mechanical anisotropy, or both.

Induced fractures striking NE have bimodally distributed dips with modes at 45NW and 45SE. Similar-

ly, the dips of NW striking induced fractures have modes at- 45NE and 45SW. In intervals where
strikes are bimodally distributed, the dips become quadramodal.
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The three dimensional orientations of core induced fractures can be summarized using equal area pro-
jections of fracture poles. Clustering of poles commonly appears as shown in Figure 4A with the two
clusters representing poles to surfaces striking NE and dipping NW and SE. In Figure 4B, there are
four clusters representing orientations of poles to surfaces striking NE and NW, and dipping NW and
SE, NE and SW, respectively.

Correlation between residual sigma 1 of the rock and the strikes of the core induced fractures per-
mits an examination of variations of residual stress with the stratigraphy of the core. At the top
of the core, which is the top of the Cleveland Formation (see Figure 5), residual sigma 1 is orient-
ed NS6E (Figure 3A), while below 4920 feet, 30 feet above the top of the Three Lick Bed, sigma 1
swings to N49E (Figure 3B) and continues with this orientation through 4970 feet. The remainder of
the Three Lick Bed below 4984 feet, the Upper Huron Shale, and the upper 140 feet of the Middle
Huron Shale were not cored, but beginning at 5220 feet in the Middle Huron Shale, the direction of
residual sigma 1 is roughly the same as that 236 feet above in the Three Lick Bed (Figures 3B and
C). At 5270 feet in the Middle Huron Shale, residual sigma 1 down the remainder of the core does
not vary from N56E. Moreover, the dominant preferred orientation of the bimodal distribution is
NS6E. As mentioned above, the secondary preferred orientation at NI4W may correspond to residual
sigma 2, fabric, or both. This bimodality becomes most intense in the interval 5312 to 5337 feet in
the Middle Huron and corresponds to a relatively more radioactive black shale zone with decreased
bulk density.

In addition to changes in the orientation of residual stress in the core, there are also abrupt
changes in the density of core induced fractures. The least densely fractured interval occurs from
5370 to 5420 feet (Figure 3F). A more detailed examination of the fracture log reveals that a zone
of reduced core induced fracture density occurs between 5356 feet (the top of the Lower Huron Shale)
to 5435 feet. The reasons for this decrease of induced fracture density will be discussed below.

Slickensides and Natural Fractures:

In the West Virginia Geological and Economic Survey’'s fracture log (unpublished), a distinction was
made between core induced fractures, slickensides, and natural fractures. Equal area projections of
the poles to these surfaces were plotted for each ten feet of the core, and contoured using the

Mel 1 is method. A reciprocal relationship was observed between the densities of natural fractures
and sl ickensides, and of core induced fractures, with natural fractures and slickensides increasing
in density at the top of the Lower Huron Shale while core induced fracture density decreases.
Orientations of natural fractures and slickensides above the Lower Huron Shale (Figure 6) are consid-
erably different from those within it (Figure 7).

In Figure 6A two clusters of poles with average orientations NO4E/Q4NE (a cluster of five) and
NB1E/15SW (a cluster of nine) correspond to sub-vertical planes striking N86W and NO9W respectively.
The acute angle of intersection between these two planes is bisected by a line trending N48W corres-
ponding roughly to the direction of movement within the Pine Mountain thrust sheet as inferred from
the average trend of sl ickenlines observed in the thrust (N38W). The significance of this 103"
angle between the NE and SW clusters of fracture poles (77° angle between fracture planes) was exam-
ined statistically. This has been done by measuring the angles subtended by great circle arcs be-
tween the center of the NE set of fracture poles and each of the fracture poles in the SW set.

These angles are normally distributed with a mean of 102° and standard deviation of 1.3“. The pro-
bability that the SW cluster of poles are separated from the center of the NE ?luster of poles by
90" or less (determined from the z-value) is less than or equal to 7.02 X 10"'2 Sitrilarly, the nor-
mally distributed angles between poles in the NE cluster and the center of the SW cluster have a mean
of 100° and standard deviation of 2.2" , with the probability that the separation is less than 90"
being less than or equal to 2.49 X 10-5.

The Coulomb-Mohr failure theory predicts faulting along surfaces forming acute angles with the maxi-

mum effective compressive stress (effective sigma 1). If pore pressure is high, tensional effective
stresses are possible. If effective sigma 3 is tensional, and effective sigma 1 is less than or
equal to the absolute value of effective sigma 3, failure will not only result in shearing between
the failure surfaces, but will open them as well, leaving an unslickenlined fracture surface. It is

noted that the angle 8=38° that these planes make with the inferred effective sigma 1 (Figure 6A)
is quite large, with 8 around 30” for most rock materials (Hafner, 1951) but as high as 40" for
“moderately ductile . . . materials” (Handin, 1966, p. 230).
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Another cluster of five poles can be seen at the center of the projection (Figure 6A). These frac-
tures are filled and some contain vertical fibers, and probably represent fractures developed durtng
conditions of high fluid overpressure. Horizontal slickensides are also found In this interval of
the core (Figure 6B), and indicate that high fluid overpressure may have been local in nature or
that natural fractures and slickensldes developed at different times. The cluster of four subhori-
zontal natural fracture poles (Figure 6A) trending roughly N20W may have formed under conditions
similar to those described in the previous paragraph, but under more brittle conditions (higher pore
pressure? shallower depth?) because @ is smaller.

Poles to natural fractures found in the Lower Huron Shale (Figure 7A) form clusters in areas of the
projection corresponding to planes striking N6OE and N32 W, and exhibit a considerable amount of
scatter. The orientations are those expected for longitudinal and transverse joints respectively.
The E-W clusters of poles may correspond to a diagonal set of joints.

Poles to slickensides found in the Lower Huron Shale (Figure 7B) form a girdle across the equal area
project ion. The poles forming this girdle have an average trend of N38W. From NW to SE across this
girdle, clusters plunge 27NW,55NW,90°,77SE, and 62SE. Anderson (1951) suggests that as a major
fault develops, stress trajectories adjust to orientations more nearly perpendicular and parallel to
the fault plane. This redistributed stress field may in turn produce second order faulting about
first order faults (Ramsay,1967, p. 284). Figure 8 illustrates the relationship between first
order faul ts, the re-oriented stress trajectories, and thelr associated second order faults. The
horizontal faults are most numerous, and appear in the center of the projection as a cluster of ver-
tical poles. The secondary faults C and C% appear on the projection as poles plunging into the SE
octant. The similarity in orientation between the surfaces C and C' may produce some overlap
between their plotted poles so that only a single large cluster may be observed. Second order

faults A and B will have poles plunging into the NW octant of the projection. The pattern of slick-
ensides shown in Figure 7B indicates that the interval of detachment in the Pine Mountain thrust
begins with the top of the Lower Huron Shale and is contained within this shale since no slicken-
sides are observed from 5456 feet to the bottom of the core at 5484 feet. Contours of blowout zones

in the area (Young, 1857) put the top of the interval of detachment at about 50 feet above the top of
the Lower Huron Shale.

Anderson’s (1951) model has been shown by Chinnery (1966) to be in error as a model for strike-slip
faulting. Chinnery points out that Anderson’s model is limited in that it is based on the assump-
tions that there is no vertical movement of the ground surface, and that the str ike-sl ip fault ex-
tends to an infinite depth. These assumptions allowed Anderson to calculate the stress field (and
thus the fault patterns) associated with strike-slip faulting as a two-dimensional problem. The
similarity of fault orientations predicted from this model to the pattern of slickensides observed
in the interval of detachment in the Pine Mountain thrust indicates that the assumptions made for
strike-slip faulting are more accurately made for horizontal thrust faults. Specifically, it can be
assumed that there is little or no horizontal movement of material perpendicular to the direction of
net displacement of the thrust sheet, and also that the state of stress in any vertical plane
through the main body of the thrust fault (Figure 1) parallel to the direction of net displacement
is the same for all such cross sections.

The interpretation of the patterns observed on the equal area projections assumes equal weights for
surfaces of various inclinations. However, with these observations taken from a:near vertical core
four inches in diameter, the number of surfaces of a certain orientation intersected by the core will
be a function of their density, total surface area, perpendicular spacing and inclination to the core.
If all variables except inclination are held constant the probability of intersecting a vertical sur-
face is much smaller than that for intersecting a horizontal surface. For instance, if the perpendi-
cular spacing between all surfaces, regardless of their inclinations, is one foot, with total surface
area constant, the number of vertical surfaces intersected by a vertical core four inches in diame-
ter will be one third the number of horizontal surfaces intersected. Taking this into account will
have the effect of increasing the number of horizontal poles by some weighting factor, but will not
change the locations of clusters of maximum density, leaving an identical pattern of clusters on the
projection.

Martin County Well 120336

Core Induced Fractures:

Equal area projections of the poles to induced fracture surfaces were plotted and contoured for each
50 foot interval of the core. The 982 foot core contained 1650 induced fractures that were logged by
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West Virginia Geological and Economic Survey personnel (unpublished data). An examination of these
projections reveals little variatlon in the orientations of the core induced fractures throughout
the length of the core. In general, the poles to these:fractures produce clusters similar to those
observed in the Wise County well. The projections are characterized by two clusters which corres-
pond to planes strlking generally N50E, and dipping 30NW and 30SE. A notable exception to this pat-
tern occurs in the interval 2500 to 2550 feet in the lower Cleveland Member and the upper Chagrin
Shale. This interval is characterized by considerable scatter of poles into the NE and SW quadrants
of the net (Figure 9). The gamma ray log indicates that this interval is higher in radioactivity
and thus more organically rich than the surrounding shales. No slickensides and only one natural
fracture were present in this interval, Three horizontal induced fractures were logged elsewhere in
the core and may be natural fractures. Hor izontal induced fractures have not been logged for any of
the other wells investigated, and, with these three exceptions, none have been recorded to d i p less
than 20°. In some cases it may be difficult to distinguish between pre-core and core induced frac-
tures. As mentioned earlier, Survey personnel distinguished between pre-core and core induced frac-
tures using criteria established by Kul'ander, Dean, and Barton {1977); however, in many cases, the
surface features on the fractures may be indistinct, maklng identification difficult. The absence of
uniformly oriented fractures in this radioactive organic shale may indicate that many of the scat-
tered .fractures have been misidentified, and may in fact be natural fractures. Similar scatter found
‘In the undifferentiated fractures of the Jackson County (West Virginia) well has previously been
interpreted (Shumaker, 1977, oral communication) as due to natural fractures.

Sl ickensides and Natural Fractures:

Poles to the natural fractures logged from this core are shown plotted and contoured in Figure 10A.
Clusters of poles on the edge of the projection correspond to vertically dipping fractures striking
about N46W and N36E. These strikes are respectively perpendicular and parallel to the regional

trend of the low amplitude folds observed on a coal form line map of the area (Shumaker, 1974).
These two fracture sets may represent systematic joint sets associated with these folds. The NE
striking fractures are most abundant in the top half of the core, with the NW striking fractures most
abundant in the bottom half of the core. |If the shales of this core are considered as a relatively
homogeneous plate of material, then buckling of this plate by NW-SE oriented compressive stress is
likely to produce NE striking longitudinal joints above a neutral surface in the plate, with NW
striking cross joints most likely to develop beneath this neutral surface.

Mellis contours of lines representing the trends and plunges of constructed and measured slickenlines
are shown for this well in Figure 108. Slickenside strikes and dips were taken from the West
Virginia Geological and Economic Survey’'s fracture log, and measurements of slickenline trend and
plunge were made at the University of Kentucky's Core Library in Lexington by the senior author.
Personal examination has shown that with few exceptions, sl ickenl ines from al 1 wel Is trend perpen-
dicular to the strike of the slickensides on which the slickensides occur. Thus the probable orien-
tation that slickenlines would have on a slickenside can be inferred from the strike and dip of the
slickenside. This conversion was made on the Survey's slickenside data for the projection shown in
Figure 10B. In this figure, the cluster of ten lines in the SE quadrant is roughly centered at
NO9W/39SE. The horizontal to subhorizontal lines in the NW and NE quadrants are scattered and rough-
ly centered. at NO4W/3L4NW. Hafner (1951) has calculated that for a supplementary horizontal stress
field that decreases exponentially with distance from the region of maximum pressure (Figure 11A)
potential faults will develop that dip toward and away from the region of maximum pressure (Figure
11B). Slickenl ines plunging SE in this model would be more concentrated than those plunging to the
NW (Figure 11C) in agreement with slickenline orientations observed in this core (Figure 10B). The
variation of stress with depth along the SE side of this block would be due to the Pine Mountain
thrust (Figure 11A) as it splays to the surface south of the Martin County well and SE of the
Nicholas Combs #7239 well (Figure 1). The zone of instability or zone of potential faulting is
shown in Figure 11B. The distance which this zone extends into the Devonian shales beyond the

thrust will vary with the composition and thickness of these shales. Layer anisotropy within the
shales will also affect the shape and extent of this zone. Although resultant shear surfaces can act
to decrease porosity of .the'shales(Bagna.l 1 and Ryan, 1976) potential tension fractures associated
with shearing might increase porosity and permeability. This zone of instability is suggested as the
model for the porous fracture facies of Shumaker (1978). The location of the Martin County well
within the facies is indicated by the line AB in Figure 11B. The well's location is inferred from an
absence of a continuous girdle of slickenlines through the SE quadrant into the NW quadrant of the
projection (Figure 10B) as suggested in Figure 11C for the model. The lack of NW trending slicken-
lines in the lower part of the Nicholas Combs #7239 well (Kulander, Dean, and Barton, 1977) indicates
that that well is located at CD within the fracture facies (Figure 11B). A] though the Nicholas
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Combs #7239 well is closer than the Martin County well to the Pine Mountain thrust, the Devonian
shale sequence is thinner in the Nicholas Combs #7239well and may restrict the distance which the
fracture facies extends beyond the Pine Mountain thrust.

In Figure 12, the trends of slickenlines are plotted with depth in the core. Absolute plunge is
shown with the amount or degree of plunge increasing to the right. In the upper part of the core
slickenlines trend N4O-U5W. Beginning with the Lower Huron Shale, slickenlines become more numerous,
more variable in trend, and trend more northerly than those above. Examination of the gamma ray log
from this core shows that the slickenlines always occur in the Brown Shales and that zones showing
the greatest scatter in the trends of slickenlines correspond to relatively more radioactive shales.

Marietta Well #R109

The Marietta (Ohio) well #R109 is located in Washington County (Figure 1). Orientations of fractures
were measured by West Virginia Geological and Economic Survey personnel from the 150 feet of core
taken from this well (unpublished data), but no distinction was made between core induced and natural
induced and natural fractures. Poles to these undifferentiated fractures form clusters in equal area
projection similar to those formed by core induced fractures in the Wise County and Martin County

wel Is. The fractures were grouped into 10 foot intervals to examine variations in their orientation
with depth. The well was cored from 3500 to 3650 feet in the Huron Shales (which extend from 3164 to
3731 feet) . .

In Figure 13 the contoured equal area projections of the poles to fracture surfaces from each 10 foot
interval are outlined. The average strikes of the fracture sets from these intervals ranged from
N35E to N78E with standard deviations ranging from % to 7 degrees. No statistical comparisons were
made between the distributions of strike for each interval, but in several instances, variations in
strike appear real, indicating vertical changes in the orientation of residual sigma 1 in the core.
Similar variations were discussed earlier for the induced fractures from the Wise County well and
also have been observed in the undifferentiated fractures logged by Survey personnel in the Nicholas
Combs #7239 wel 1, Perry County, Kentucky (Shumaker, 1977}. Scatter observed in the poles to these
fractures may represent incipient clusters in the NE and SW quadrants of the equal area net similar
to clusters of core induced fractures observed in the Wise County well. The patterns formed by these
poles on the equal area projection indicate to us that most of the fractures logged in this core were
probably core induced. Although some of the scattered poles may be due to natural fractures, the
scatter observed in plots of core induced fractures in the Wise County #20338 well does not permit
differentiation between pre-core and core induced fractures on the basis of orientation alone.

Lincoln County Wells #20402 and #20403

The cores from the Lincoln County wells #20402 and #20403 in southwestern West Virginia (Figure 1)
were examined for slickensides. In the #20402 well most slickensides occur in the sixty-four foot
interval between 389k feet and 3958 feet. In the #20403 well the slickensides occur mostly in the
267 foot interval between 3766 feet and 4033 feet (Figure 14). In both wells, the upper part of the
cored interval is the Angola member of the West Falls Formation and the lower part is the Rhinestreet
member of the West Falls Formation and unconformably the underlying Hamilton Group. These sl i cken=
sides occur in the organic rich, high gamma radioactive Brown shales of the Devonian shale.

In the #20402 well the slickensides are well developed, covering the entire diameter of the surface
(Figure 15). They are slightly less well developed in the #20403 well. Slickensides range from
smooth and well polished to rough and uneven; none of the surfaces is mineralized.

The trends and plunges of twenty-two slickenlines in well #20402 and twenty in well #20403 were meas-
ured from an oriented core by goniometer and Brunton compass. In each case the slickenlines were
perpendicular to the strike of the slickenside.

The dominant set of slickenlines in well #20402 trends N47W, and plunges about 25" either to the
northwest or to the southeast (Figure 16A). A minor set trends N30°E and plunges 30" to the northeast
and southwest. Neither set is restricted to a particular depth interval or a particular lithology
within the interval analyzed. However, the slickensides of the minor set tend to be rougher than

those of the dominant set. No slickenside in the minor set is smooth or polished as are many of those
in the dominant set.

The dominant trend of the slickensides in well #20403 is centered at N20°W (Figure 16B). The average
plunge of the slickenlines is about 30” to the northwest or southeast. The slickensides are not as

well developed as those in the #20402 well,
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The preferred orientations of the slickenlines in the two wells suggest a northwest trending move-
ment, probably tectonic in origin, as opposed to more random orientations that might be related to
slumping and compaction. The opposing plunges of the similarly oriented surfaces can be explained
as differential movement in incompetent beds,

CONCLUSIONS

We have examined the stratigraphic distribution of slickensides and other natural fractures observed
in five cores in the Devonian shales, and have found that these failure surfaces are confined almost
entirely to the darker, organically rich, highly radioactive Brown Shales within the sequence. These
‘observations indicate that adjustments to stresses applied to the Devonian shales occurred primarily
within these Brown Shales, even for relatively intense stress concentrations as in the Pine Mountain
thrust. These observations support the concept of the porous fracture facies discussed by Shumaker

(1978).

The general NW trends of slickenlines observed in the Lincoln and Martin County cores, and the
Nicholas Combs #7239 core, suggest that they are related to regional tectonics and may represent dif-
ferential shortening in the basal shales (Shumaker, 1978). NW trending slickenlines observed in the
Brown Shales of the Nicholas Combs #7239 core (Kulander, Dean, and Barton, 1977) and slickenlines ob-
served in the Martin County core are explained by the stress model proposed by Hafner (1951). The
zone of instability predicted for this model is suggested as the model for the porous fracture facies
discussed by Shumaker (1978). The similarity in orientations of natural fractures in the Wise County
core through the Pine Mountain thrust with those from the Martin County core indicates that both
groups of natural fractures represent adjustments to similar stress fields.

In the Wise County core, the intensely fractured, organically rich, highly radioactive, Lower Huron
Shale corresponds to the interval of detachment in the Pine Mountain thrust. The model of first and

second order faul t i ng (Anderson, 1951) accounts for the orientations of slickensides observed in this
interval.
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Figure 9 Equal area projection illustrates an anomalous amount of
scatter in the poles to core induced fractures found from
2500 to 2550 feet in the Martin County (Kentucky) well
#20336. Percentages of the total number of poles in the
projection are indicated by tonal contrast.
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EQUAL AREA NETS LOWER HEMISPHERE: UNDIFFERENTIATED FRAC-
TURES, MARIETTA, OHIO NO. R109 WELL.
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POROUS FRACTURE FACIES IN THE DEVONIAN SHALES
OF EASTERN KENTUCKY AND WEST VIRGINIA

Robert C. Shumaker
425 Wite Hall
West Virginia University
Departnent of Geol ogy and Geography
Mor gant own, West Virginia 26506

ABSTRACT

Prelimnary analysis of published fracture data obtained fromseven oriented Devoni an shal e
cores taken cooperatively by private industry and the U S. Department of Energy, Eastern Gas Shal es
Project shows that fractures are numerous, uniquely oriented, and often mineralized in the highly
organic portions of the Devonian shale of eastern Kentucky and West Virginia. These fractures and
the commercial gas production generally occur together in the organic shales. W have applied the
descriptive phase "porous fracture facies" to succinctly label the fractured and productive shale.
Inclined slickensided fractures, found in the West Virginia cores, appear to be double shear sets
that have an acute angle which opens toward the southeast. This orientation is approximtely at
right angles to the fold axes, which suggests that the fractures devel oped during the Alleghenian
deformation are responses to differential shortening across the |ower organic shales. A core taken
in Kentucky contained horizontal slickensides in an upper organic shale. Those slickensides trend
parallel to the thrust novenent of the adjacent Pine Muntain thrust sheet. Inclined slickensided
fractures trending North-South are found in a |ower organic shale. Many problenms remain, and nore
detailed analysis is being acconplished. The best of several working hypotheses contends that the
fracture facies formed within a zone of abnormally high fluid (gas?) pressure |located prinmarily in
the lower organic shales. The western linit of abnormal high pressure may have been the basenent
fault zone along the western nmargin of the Rome Trough. The eastern linmt of commercial production
and open fractures appears to be the area of more intense tectonic transport in the area of the
detached folds and thrusts.

| NTRODUCTI ON

Through di scussions with geol ogists interested in the nature of Devoni an shal e production, and
fromlistening to papers dealing with fractures presented at the Departnent of Energy's First
Eastern Gas Shales Synposium one could easily gain the viewthat it is only vertically continuous
fractures and surface fracture zones which are nost inportant to the discovery of gas production
from the shale. In my estimation, this inpression is incorrect at |east for the eastern Kentucky
and southwestern West Virginia portion of Devonian shale gas production.

There is little doubt that fractures are inportant to production, but little has been said or
witten summarizing the present state of know edge concerning the nature and origin of the fracture
porosity responsible for production from the shale. Even though surface fracture zones, visible on
imgery as |ineanents, nay be inportant in locating sites to be tested for enhanced production, we
need to understand the type, orientation, and origin of the fractures responsible for gas production
fromthe shale. |f we do not document these characteristics, we will surely find it difficult to
predict their extent and locations and, therefore, the extent and |ocations of production.
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2 POROUS FRACTURE FACIES

Fracture data from cores suggest that the free gas produced fromthe shal e does not come from
vertically continuous zones, but that it comes fromfractures that have linmted vertical extent
found primarily in the | ower highly organic portions of the shale section. Aso these data, while
admittedly few and not completely analyzed, show that the fractures are preferentially oriented and
therefore stress related. Apparently the fractures are the reservoir, and the enclosing shale is
both the source and seal for the gas entrapped in that fracture porosity. W have applied the

descriptive term "porous fracture facies” to convey the image of a fracture porosity that has
limted stratigraphic extent (de Ws and Shumaker, 1978a).

Wil e the auther believes this interpretation is viable, he hopes that readers of this report
will mintain a degree of skepticism The data on which the interpretations are based are
adm ttedly linited. Factors other than those structural which night influence production are not
discussed. The inportance of shale lithology, geochenistry, and fracture mineralization to shale
gas production are affirmed. However, the author feels that the ideas presented above shoul d have

general circulation, for if correct, they will influence the direction of research within the
proj ect .

PURPOSE

The intent of this paper is to briefly summarize the state of know edge related to the nature
of fractures found in the productive zones. The published data pertinent to a generic
interpretation for certain fractures is presented with the hope that other scientists within the
project will be challenged to correct, to add to, or enrich the ideas presented. This is the first
report concerning initial results of an on-going research project into fractures in the shale.

Stratigraphic Distribution of Production

By now, npst scientists working with the productive Devonian shale generally accept the view
that gas production primarily comes fromfractures and the organic portions of the shale. Sever al
papers present data in support of this conclusion.

Perhaps the first paper dealing with this subject was witten by Hunter and Young (1953) who
di scussed the relationship of natural gas production to joints and fractures in the Devonian shal e
of eastern Kentucky. Bay (1968) clearly showed the association of gas production wth zones of
| ogged high radioactivity in the shales of eastern Kentucky. Martin and Nuckols (1976), and Patchen
and Larese (1976) not only denonstrate the applicability of these observations to the productive
shale in the CGottageville (Munt Alto) field of western West Virginia, but they also discuss the
i nportance of mineralized vertical fractures found in the |ower organic shale to gas production.
This association of organic layers, fractures, and production can be denonstrated by the conparison
of descriptions of cores taken in southern West Virginia through analysis of several reports by
Byrer et al. (1976) (Figures 1 and 2). Larese and Heald (1977) discuss the petrography of the shale
in two cores from West Virginia, and they enphasize the inportance of vertical perneability
associated with mneralized vertical fractures and horizontal perneability associated with silt beds
within the shale. They al so show one nicro shear fracture which presumably had little porosity
associated with it. Based on these data, it seems inescapable to conclude that present commerci al
gas wells produce prinarily fromthe fractures very often found in the organic-rich portions of the
Devoni an shale. This conclusion does not preclude production com ng fromopen fractures at other
stratigraphic levels (see Figure 2), nor does it contradict the view that vertical zones of intense
fracturing visible as lineanents, could influence shale gas productivity. However, the occurrence
of stratigraphically limted fractures does make one seriously question any inferred identity
between the orientation, character, or even the origin of surface fractures with those found in the
productive zone. I ndeed, Werner (1977) presented prelininary data which suggest a suspected inverse
rel ationship between landsat |ineaments and the shall ow shale gas productivity for southern West
Virginia.

Ceneral ly, the production fromfractures of the organic zones has been correlated with
increased fracture density and mineralized fractures in those stratigraphic intervals. However,
little has been said of the evidence fromthe cores that there are inclined slickensided fractures
in and around the |ower organic shales, and even less has been said about their origin. These three
changes in fracture characteristics, that is, changes in density, nineralization, and orientation,
formthe basis for the proposition that a porous fracture fhcies is present in the |ower organic

shal es, and that an understanding of fractures is inportant for understandi ng production fromthe
shal e.
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ROBERT C.SHUMAKER 3

Fracture Facies: An Interpretation

Thus far | have briefly sumarized what is known of shale fractures obtained prinmarily from
descriptions of the first few cores collected during the initial stages of the Department of
Energy's Eastern Gas Shal es Program The data points are few, and they are concentrated in
comercially productive areas of Wst Virginia and eastern Kentucky. Therefore a broadly applied

interpretation based on these few data is hazardous. Nonetheless, | believe that the data are
sufficient to suggest a prelininary interpretation for the origin of certain of the fractures found
in the organic shales of eastern Kentucy and southern West Virginia. Furthermore, | believe that it

is worthwhile to propose this tentative interpretation because in the process of assessing the

hypot hesis one is challenged to think critically about collection and analysis of fracture data. In
addi tion, a working hypothesis gives one a standard agai nst which ideas can be tested and integrated
with other scientific interpretations concerning the nature of the shale production and shal e
structures. Finally, and perhaps nost inportantly, a generic hypothesis such as the one proposed
here lets one predict the total character and extent of fracture porosity, and it hel ps one predict
the effect which a fracture facies mght have on experinents and production tests run by other
scientists working in the Eastern Gas Shales Program | will point out a few such ramifications
that | can foresee later in the text.

Shumaker (1976) proposed that at |east part and possibly all of the fractures responsible for
shal e gas production in eastern Kentucky and southwestern West Virginia were caused by ninor
tectonic transport and/or differential shortening within and above an ancient high-pressure
detachment zone in the basal Devonian shales of the "undeforned" Appalachian foreland.

H gh pressure under-conpacted shale intervals, simlar to that proposed, serve as conduits for
dewatering of sediments. Such zones often form basal glide surfaces for the gravity tectonic
structures found in areas such as the Gulf Coast of the United States. Hubbert and Rubey (1959)
proposed that the high pressure fluid reduces friction in the containing layer to pernit the
moverment of overlying rock for great horizontal distances during thrusting. The Hubbert and Rubey
hypothesis, as it is often called, is clearly applicable to novenent and deformation in the Pine
Mountai n thrust block (Figure 1), and it is presumably applicable to the detached folds found
directly east of the shale production (Figure 1) in West Virginia. It is also reasonable to presune
that the stress field and high pressure zones at the base of the shale associated with the
deformati on extended westward into the undeforned foreland across the shale gas area. The stress
associated with mnor differential shortening across the basal shale could have created certain of
the fractures of the porous fracture facies. \Wat we know thus far about characteristics of
fractures even to the mineralization, suggesting abundant water novement, is conpatible with the
proposed interpretation.

Evi dence in Favor of Differential Shortening

The characteristics described thus far could al so be explained by nost other theories for the
origin of fractures (Hodgson, 1976). For instance, it is the rule that bed lithology affects joint
spacing and sonetines even the presence of mineralization. One might expect under normal conditions
that the organic portions of the shale would have their own characteristic joint spacing and
m neralization as conpared with the nore silty portions of the shale section. (One should ask then,
what is unique in the characteristics of these fractures which support ny contention that at |east
part of the fractures of the porous fracture facies were created by differential tectonic transport
or differential shortening across the basal shales? | have listed below the data and observations
whi ch | believe support this interpretation above other possible alternatives:

1. Slickensides indicative of tectonic transport are reported fromthe shale, particularly in
the lower organic zone. The presence of |owdipping slickensided fractures in the Lincoln County
cores of West Xirgi nia (Figure 1) were analyzed by J. Dixon who found inclined fractures (personal
communi cation) “ which probably are conplimentary shear fractures. At least one fracture systemis
present. An approxi mate 60° angl e between the two shear sets of the system opens toward the
sout heast, approximately at right angles to the fold axes. Therefore, | feel that this system
formed in response to the same stress field as that which formed the adjacent folds. Additional
work will be required to explain the entire fracture pattern found in the cores and to assess its
relationship to the surface joints. However, it appears that horizontal slickensides are nore
numerous near the Pine Muntain thrust, and that the shear fracture system predom nates in the
distal areas of novenent.
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4 PORQUS FRACTURE FACI ES

2. The proximty of gas production to known detachment within the basal organic shale suggests
an association. The Pine Muntain thrust block, detached within the same basal shale, lies directly
east and south of commercial production. However, the areas of intense transport such as the Pine
Mountain thrust and the nore fol ded areas of West Virginia have not produced significant amounts of
comercial shale gas. The present eastern |inmit of commercial production approxinates the margin of
nmore extensive tectonic transport. The western linmit of commercial shale gas production ]
approxi mtes the northwestern margin of the deeply buried Rome trough (Figure 1). A though Cambrian
in age, minor reactivation of the trough has had continued effect on sedinentation and surface

structures visible in Pennsylvanian rocks. It could be interpreted that these structural boundaries
mark the limt of the npbst intense devel opment of the porous fracture facies caused by shortening
within the shale. It has been suggested (B. Long, personal communciation) that the vertical fault

m ght have provided avenues for release of water pressure from the high pressure zone, thus
indirectly providing a western linit to the fratture facies. However, this western linmit of
commercial production nay also reflect other limtlng geol ogic-geochem cal factors such as the
distribution of thick organic-rich shales. Definitive conclusions clearly are premature, and only
enmpirical relationships are noted here. I ndeed, these enpirical relationships may sinply reflect
econoni ¢ factors such as rate of return on wells drilled, but clearly the best wells fall within
these structural boundari es.

3. Kulander et al. (1977) also reported horizontal and inclined slickensides fromthe Perry
County wel | of Kentucky (Figure 1). The slickensided horizontal fractures are reported to be evenly
distributed throughout the core interval. There is a variety of slickenside trends | ogged within
the core by Kulander et al. (1977), but one of the pronminent trends for horizontal slickensides is
in the same northwest-southeast azimuth that is conpatible with the inferred northwestward tectonic
transport of the Pine Muntain thrust block. Oher pronminent directions of movenent include north-
south trending inclined fractures found in the productive | ower organic shale zones and three
hori zontal slickensides aligned in a northeast-southwest direction. |n undeformed shal es
slickensides are often called conpaction features; however, if the slickensides were formed by
compaction, then they should be randomin trend

4. The sequence of fractures found in the Wse County, Virginia, shale core taken through the
upper plate of the Pine Mountain thrust block is simlar to that seen in the cores taken in
"undef orned" foreland productive zone in that the fractures are inclined and horizontally
slickensided surfaces that are mineralized (Wlson, et al., 1978). The i ndi cati ons of movenent and
fracturing are far nore intense in this core where najor tectonic transport (a m nimum of eight
mles) along the bedding fault is clearly established. Mst significantly, the detachnent appears
to be in the lower organic shales. \Wen the detachment zone is encountered by the drill there
usual ly is a gas blow indicating abnormal pressure (Young, 1957); but unfortunately the gas appears
trapped in isolated pockets to produce only non-commercial quantities.

5 Finally, there is the wi despread character of shale gas production in Eastern Kentucky and
extreme southwestern West Virginia which seems to suggest sonme horizontal transmissability of the
gas throughout the productive area. \Wile there is great variety in production fromwell to well,
the chance is slight that each well drilled in the area of production would intercept a vertica
fracture. Published descriptions of all cores fromproductive wells in West Virginia and eastern
Kentucky include a notation of slickensides. Mst of these well descriptions and photographs show
inclined fractures. Presunably these fractures would inpart some horizontal perneability; however,
it is not yet certain if inclined fractures are as significant or if they are nore significant than
other factors such as silt layers (Larese and Heald, 1977)

Ram fications of the Differential Shortening - Fracture Facies Hypothesis

The hypot hesi s proposed above for the origin of certain fractures of the porous fracture facies
shoul d affect shal e production characteristics research or experinments associated with the Eastern
Gas Shales Project in the follow ng ways

1. One woul d expect the presence of nylonite and tectonic breccia within the basal organic
shal e section. Thus far, breccia has not been described from this zone, but thin fine nylonite is
occasionally noted on fractures with slickenside surfaces fromdescriptions of the cores

2. High pressure gas zones within the basal shale section should be present. Some high
pressure blowouts are reported, but no systematic study of the distribution has been undertaken.
In the Pine Muntain thrust block the presence of high-pressure gas pockets encountered by the dril
has been noted for years.
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ROBERT C. SHUMAKER 5

3. Fracture intensity shoul d decrease northwestward away from a maxi mum zone of intense
def ornati on. This trend shoul d approxinate the trend of the adjacent Appal achian structure or
basement structure that could influence stress trajectories. Data are not yet available on this.
It is not. yet clear why the shale is essentially non-productive eastward in the areas of extensive
tectonic transport. The western margin of commercial production appears to be close to the western
margin of the Rome trough. The significance of this is not clear, since the trough affected
sedi mentation and thus production could reflect either stratigraphic or basenent structural control.

4. The bl anket-like characteristic inplied with the fracture facies hypothesis should produce
traps sinilar to stratigraphic traps near its margin. Wthin the central area of maxinmum
devel opnent, structurally high areas should be generally nore productive than |ow areas.

5. Horizontal tranmissibility of gas either through fractures or other means shoul d be
reflected in production characteristics. Wells show sonme degree of pressure interference that is
not strictly linear in trend as would be expected with sinple vertical fracture interconnection.

6. \Were fractures, created by other stress fields, intersect the fracture facies one shoul d
obtain either abnornmally high or |ow producing wells if a seal or breach occurs above the
intersection of the fractures. If the zone of intersecting fractures is sealed from the surface,
then abnormally high production should occur along that trend. If the vertical fractures are not
seal ed, then gas should escape to the surface and the productive trend should be abnornally I|ow

7. Any of the usual causes for creation of nore intense fracturing would enhance porosity in
the fracture f acies. Basenment flexures or pre-existing structural features might create abnor nal
edge conditions within the stress field at the base of the shale to cause enhanced fracture density
and thus abnormally productive wells. Such areas night also give anomal ous, deviatoric stress
conditions that woul d produce reoriented residual stresses within the shales to cause uniquely
oriented fractures (Overbey, 1976; Advani et al., 1978).

8. Deviated wells should not be designed solely on the presunption of encountering vertical
fractures alone. The design should be tailored to the structure of the area, presunably only after
an oriented core is taken in the area to define the fracture characteristics. It is inperative that
the fractured portion of the shale (e.g., the lower organic shale) be defined for intersection by

the inclined bore hole. This restricts the target to be intersected within the shale to one of
several tens of feet vertically.

9. Any induced fracture program nust be designed to take into account reoriented stresses and
different types of fractures in the different lithostructural units of the shale section.

10. It seens unlikely that the stress fields related to the formation of the inclined
slickensided fractures of the facies extended westward beyond the limt of basenent arches that
outline the Appalachian Basin; and as nentioned above, it may have extended only to the western edge
of the Rome trough. If certain shale beds were over pressured across the continental interior, then
other more local stress could produce the |ocal developnent of a fracture facies. The Cottageville
and M dway-Extra fields of West Virginia nay be the best exanples where such local intensification
of fracturing has occurred over basement structures. Cearly this nodel or exploration rationale is
usable within all basins, but it is nost applicable to the interior basins e.g. Illinois, western

Kentucky, M chigan, etc. Such basins should not have large areas of horizontal transport and
shortening across the Devonian Shal es.

11.  Very detailed structure maps are necessary to define productive structures of the types
described in (10) above. For instance, a 25 foot contour interval may not isolate these structures
fromregional dip, but a lo-foot interval may. O course, elinnation of regional dip and trend
surface analysis may assist in this definition.

12. At present, we cannot predict precisely where a porous fracture zone (porous facies) wll
occur as we have encountered both high and |low side structure-productive trends. Certainly nodels
such as that described by Advani et al. (1978) will be helpful, but study of actual productlge
analogs is essential (see de Ws, Nuckols, this Proceedings and Schaefer thesis in progress)
are to inprove on these exploration rationales for the shales.

if we
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6 POROUS FRACTURE FACIES

CONCLUSI ON

The descriptions of core data, primarily acconplished by Departnment of Energy and West Virginia
Geol ogi cal Survey personnel, and the work of several investigators within the Departnment of Geol ogy
at West Virginia University regarding fractures within the shales support the view that there are
nore and uniquely oriented fractures and nore abundant fractures within the basal shale section when
compared with the remaining shale section. This porous fracture facies, as it is called, is
generally found in or around the |ower organic shales, and it is considered to be critical for
comrerci al production found in eastern Kentucky and southern West Virginia. The linted data
general |y support the hypothesis that at |east the horizontal and inclined fractures of the facies
devel oped as a result of differential tectonic transport or differential shortening across an
anci ent high-pressure zone found in the organic shales. Under standing the origin of open fractures
and the fracture facies is leading toward a rationale for exploration that is based on productive
fields, and we may be leaving the randomdrilling phase of exploration and entering a period where
exploration is based on successful anal ogs that can be applied to non-productive but geol ogically
and geochemical |y appealing areas. Eventually we nay be able to explore for and directly detect
open fracture zones.
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BRI TTLE FRACTURE PATTERNS ON A TRAVERSE OF THE Bl G SANDY GAS FIl ELD, KENTUCKY

Donald U. Wse, Leonard J. Di Mcelli, Jr., Peter Bagi nsky

Dept. Geology, Univ. of Mssachusetts, Amherst, MA, 01003

ABSTRACT

The Big Sandy gas field of eastern Kentucky represents fracture production from Devoni an shal es.
A series of remarkable new road cuts traverses the field along the Big Sandy River to provide the
opportunity to correlate various classes and scales of brittle fracture elenents across it. Common
joints and coal joints occur in orientation domains sem -independent of each other but related in
part to the irregular hinges of the West Virginia systemof folds dying southwestward into the area.
Most regional topographic lineanments appear to be systens of brittle fracture el ements superinposed
on a much broader area, possibly as subtle extensile features associated with subcontinental stress
trajectories. Possible field evidence for only two of the |ineanents was detected, both being
joints associated with very small scale thrust faults. Joint zones or "hill seans" in one huge cut
appear to be surface geonorphic effects of the upper 100 nmeters associated with gravitative coll apse
and lateral spreading of nechanical units bounded by coal strata. The nodel may have sonme practical
application in coal mining safety and highway engineering of the area. There is a surprising |ack
of indication of Pine Mn. thrusting effects in the area, even to the near absence of snmall scale
slickenside surfaces. Instead the brittle fracture elements of this part of the gas field, like the

structural contour pattern, should be considered the dying end of the Wst Virginia folds rather than
the foreland of the Pine Mn. thrust.

| NTRODUCTI ON

The Big Sandy gas field of eastern Kentucky owes much of its production to fracture perneability
in Devonian shales. The field is located anong a nunber of structural trends of the Appal achi ans
(Figure 1): the Pine Muntain Thrust at N62E, the West Virginia segment of the Appal achian folds at
N4OE, and the Kentucky River and related fault zones at N80E. Mich of the field is within the Jen-
kins 2° Quadrangl e.

Recent inprovenents on highway route 460 through Pikeville and Prestonburg, Kentucky, (Figure 1)
have produced phenonenal road cuts on a line across the field. Cuts conprise about 25% of the dis-
tance along the line with individual cuts commonly 50 to 75 neters deep and up to a kmin |ength.

The | argest cut involves production of a man-made "canyon" cutting off a nmeander at Pikeville. The
cut is a kmin length and up to 165 m (550 feet) deep. The cuts are largely in the Pennsyl vani an
Breathitt sandstones, conglonmerates, and coal neasures. Most are located on published U.5.G.S.

7 1/2' quadrangl e maps which include structural contour data. These U. S.GS. maps have been combi ned
into the structural contour map of Figure 2, illustrating the structures between the Pine Mn. thrust
and the Irvine-Paint Creek fault of the Kentucky River system The West Virginia fold trends end
sout hwestward across the map in a conplex NWtrending zone. This zone in the vicinity of the Pres-
tonsburg Quadrangle is along a line generally followed by the Big Sandy River. The largest fault
found in this investigation is a NWtrending thrust |ocated approxinately in the Prestonsburg zone
just north of the Pikeville Quadrangle (Figure 2) on the Pike County-Floyd County line. The bedding
plane nature of the fault, its two neters of telescoping, and its anomalous strike for this region
are illustrated in Figure 3.
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2 BRI TTLE FRACTURE PATTERNS ON A TRAVERSE OF THE BI G SANDY GAS FI ELD, KENTUCKY

This paper i1s a progress report on brittle fracture investigations along the Pikeville-Big
Sandy |ine based on field work in the sumrer of 1977. Field work was supported by a research grant
from Mbil Ol Co

TOPOGRAPHI C LINEAMENTS

The deeply etched plateau country of eastern Kentucky reveals many topographic lineanents in
most forms of regional imagery. A wind rose plot of 415 |lineanent orientations drawn froma Band 7
Feb. 12, 1976, LANDSAT image of the Jenkins Quad is illustrated in Figure 4. The absence of NW-
trending lineanents is interpreted as a |low angle lighting effect produced by the |lack of shadow
enhancenent parallel to the sun azinmuth of 141 degrees. The reality and the accuracy of orientation
of the NE-trending |lineaments (which average only 10 kmin |l ength) are al so suspect because of sha-
dow illusions in a single low angle lighting direction.

The topographic |ineanent pattern was al so investigated using shadowed relief naps as described
by Wse (1969). Lineanments were drawn for relief maps of the Jenkins and nearby quadrangles as
shadowed in four different lighting directions. Lineanents appearing in several lighting directions
(Figure 5) are probably real and appear to be parts of systems traceable from 2" quadrangle to 2°
quadrangle.  Cumul ative plots for all four lighting directions for the quadrangl es are presented in
wind rose formin Figure 6 with cunul ative nunber in the upper half and cunul ative length in the
lower half of each rose. Many of the lineanent trends are correlatable fromrose to rose. Sone may
be related to local fold trends as, for exanple, the sets approxinately parallel and nornmal to the
Pine Mn. thrust. The relations are pernissive, not conclusive. Mst of the |ineanent patterns
seemto represent domains of far broader extent than this segment of the Appal achi ans. It will re-
quire coverage of a much nore extensive region to exanine what relationship, if any, exists between
these lineament trend domains and the nore traditional structures and structural domains of the
Appal achi ans. We regard nost of themas subtle extensile effects associated with stress trajectory
traces of subcontinental dinmensions (Wse, 1967)

A search for the physical nanifestation of these |lineanents was made in the huge road cuts
with only two possible correlations: (1) The Big Sandy River flows along a diffuse and poorly de-
fined NWtrending linéament. The thrust fault, illustrated.in Figure 3, is subparallel to the line-
anent, as is the break in structural contour patterns in Figure 2. (2) A better correlation exists
in the Pikeville "canyon" cut illustrated in Figure 7. The "canyon" transects Poor Farm Hol low, a
linear tributary valley of the Big Sandy of approxinmately one kmlength with a strike of WN20E. |n
the deepest level of the "canyon" a SE-dipping thrust fault of sinilar strike splays upward out of
bedding to disintegrates into a series of irregular joints oriented N20-25E. These joints are well-
devel oped, occur far below the depth of nobst jointing in the cut, and are imediately beneath the
line of Poor Farm Hollow. For somaora topographic effect, the total throw on the thrust of only
15 cmis somewhat surprising! Sinmilar joint orientations occur at higher levels in the cut but no
additional faults were discovered anywhere el se in the huge cut.

COMMON JO NTS

Common joint orientations were neasured at approximately 60 stations along the Big Sandy line
in the hope of finding sone systens easily correlatable across the area. Joint patterns, unfortun-
ately, varied widely fromstation to station or anobng groups of stations. A traditional approach of
contrasting the several classes of fracture orientations between two nearby quadrangle areas is
illustrated in Figure 8. Correlations of naxinma on the Figure might be done better by nystics than
by statistics!

The difficulties in common joint correlations involve abrupt changes across boundaries of
smal | orientation domains. These changes may occur within single road cuts with no obvious reason
for the transition. Donminant joint trends may end abruptly along strike. For exanple, the Pike-
ville "canyon" is swanped with N20E trends of common joints, coal joints, joint zones, and a linea-
ment. On strike with this trend to the NE are a series of excellent road cut exposures devoid of
significant joints of this trend.

The common joints show only one reasonable persistent orientation pattern with depth. Measure-

nments taken at different levels of a deep cut are readily correlatable in nmobst instances. In the
very deep Pikeville "canyon" cut (Figure 7) common joint orientations persist with depth but the
joints thensel ves become increasingly rare with depth. In the core of the nountain they essentially

di sappear bel ow 100 neters depth with the exception of the open joints associated with the upward
splaying tiny thrust fault. A working nodel for the jointing in the area mght include deep-Ieve
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tectonic fracturing associated with minor thrusting and/or arching. These rare early joints would
propagate upward to provide access for ground water and for erosion to formlineanents. (Once sub-
stantial topographic relief had been established the bul k of the common jointing took place in har-
nony with the early fracture orientations and with the directions in which topography pernitted
expansi on.

The patterns of conmon joint orientations seemto have some |ogic only when plotted onto a
structural contour base (Figure 9). Domains of parallel or subparallel joints can be identified
with axial traces of folds. South of Pikeville (Figure 9) a joint set can be seen curving in sym
pathy with a NE-trending axial trace, nore or less parallel to the West Virginia Appal achian trends.
In the area south of Prestonsburg WNWjoint sets follow the area marked by the SE termi nation of the

West Virginia fold trends. North of Prestonburg' another domain seens |ocalized over the irregular
ends of the dying folds.

COAL JA NTS

Coal joints, with spacing of a fewmmto a fewcm are |ike the common joints in having |ocal
orientation donains which make sonme sense only when related to structural contour patterns (Figure
10). Coal joints show a tendency to be part of |ocal orthogonal sets with one partner much snoother,
nmore planar and better devel oped than the other, \here cleat is present the joints are nore widely

spaced than the cleat, are nostly parallel to it and only rarely transect it. The coal joints are
typically restricted to the coal horizons and extend into the adjacent rocks only when those rocks
are fine-grained siltstones of apparent mechanical sinmilarity. In many outcrops one set of coal

joints is parallel to one dom nant set of common joints but in nany other outcrops, the coal joints
have orientations different fromthose of the commpn joints suggesting the systems differ in time

and stress orientation, simlar to those of N ckelsen's (1967) study of jointing in Pennsylvania
coal fields.

The domai n boundaries of coal jointing may be strikingly abrupt. In some coal horizons a com
plete change in joint orientation can occur within 30 nmeters with nothing evident to nark the change
other than the energence of new maxi ma on the equal area net as one neasures and plots along the
out cr op.

JONT ZONES

Joint zones, headings, or "hill seams" in local termnology are abundant in npst outcrops.
Local ly, they are well-known as m ning hazards isolating bl ocks susceptible to roof falls and as
hi ghway engi neering hazards permitting |arge sections of road cuts to collapse as huge rockfalls.
These near-vertical zones of intense joint devel opment are typically a fewcmto to two neters in
wi dth with 20 cm about average. Wthin the zone the joints have spacings of a fewcm  Typical
spacings of the zones are 5 to 30 neters with vertical extents of 10-20 neters. They have a tenden-
cy to parallel common joints in an outcrop, and to have a master set somewhat parallel to the strike
of the domi nant topographic contour lines of a valley. Locally a suborthogonal partner may be de-
vel oped. Dom nant orientations change rapidly fromoutcrop to outcrop and the zones thensel ves may
curve in strike.

The characteristics of these zones as' exposed in the exceptionally deep Pikeville "canyon"
excavation give inmportant clues to their origin (Figure 7). The zones are strata-bound, typically
between coal horizons. They terminate abruptly against the coals but may reappear bel ow the coal
with no sign of coal disruption, Wthin a given mechanical horizon, typically 20-40 mthick, the
zones naintain a relatively constant spacing in the nountain interior but become much nore closely
spaced laterally as hillside outcrop is approached, Coser to the outcrop the zones nay begin to
deviate fromthe vertical and become nore parallel to the sl ope, The nunber and degree of devel op-
nment of the zones increases upward toward the surface with local splaying of some zones, w dening of
them and increasing anounts of iron staining. Downward the zones becone |ess evident to di sappear
at a depth of about 100 neters below the crest of the hill or at shallower depths on either side of
the crest (Figure 7).

The evidence points strongly to a non-tectonic, geonorphic origin of these features with gra-
vity as the donminant force driving very minor lateral spreading. The process makes use of this
strength ani sotropy of the coal horizons, existing joint systems in the rocks and directions of
easi est expansion in the local gross topography. The zones night appear as |ocal photo-linears on
aerial photographs or show | ocal devel opment along regional trends but it is unlikely that they are
the fundamental cause of the lineanents of 10s of kmlength visible on satellite or radar imagery.
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Thi s geonorphic nodel for the origin of the joint zones provides some basis for predicting

their degree of devel opnent and orientation and, as such, may be of some use in mining and hi ghway
engineering in the area.

FAULTS

The general absence of even small-scale faulting in the Big Sandy road cuts is renarkable for
a region inmrediately in front of the Pine Muntain Thrust. In the course of five weeks' field work
examining mnute fracture surfaces in alnost perfect exposures only four faults were observed. Two
of these are illustrated in Figures 3 and 7. The other two were slickensided joint surfaces result-
ing froma cmor two of notion. The largest fault zone (Figure 3) has only two neters of thrust
shortening and this is nornal to the typical trends one nmight expect in the region. It is also
located in a lineament of similar trend marking the approximate SWlinit of the West Virginia fold
trends. The other fault (Figure 7) has a thrust displacenent of about 1 malong a SE dipping plane

striking N20E. This trend is nore in accord with the West Virginia fold strike than the Pine Mn.
not i ons.

The structural contours of the area (Figure 2) have irregular axial traces but their strikes
inthis area are also more closely parallel to the West Virginia axes than the Pine Mn. ones. Even
in the zone immediately in front of Pine Mn. (Figure 2) the fold axial strikes neet Pine Mn. at an
appreciable angle. The evidence is suggestive that the Pine Mn. thrusting stresses did not have an
appreci able effect on this part of the Big Sandy gas field much beyond the limt of the presently
mapped frontal thrusts. Instead, the mnor subtle structures of the area seem much nore closely
related to the West Virginia fold system which seens to fade into this area and nmerge with trans-
verse structures, possibly associated with the Kentucky River fault system Nowhere were faults
recogni zed In these outcrops as closely related to the Kentucky River system possibly because the
observations ended before reaching the Irvine-Paint Creek fault zone.

CONCLUSI ONS

(1) Large scale topographic |lineanment systens in the Big Sandy region have sone of their dom nant
directions at N60-70E, N20-25E, N35W, N-S, N80OW. Mbst of these lineanents are of greater areal
extent than this portion of the Appalachians, One set may be related to the Pine Mn. trends
but in general the lineanent systens night better be considered the effects of regional or

subcontinental sized stress trajectories superinposed indiscrimnately across the |ocal struc-
ture of the area.

(2) Possible correlations with ground observations were found for only two of the lineanents des-

pite excellent exposure. Both were very small-scale thrust faults with associated buckling and
jointing.

(3) Vertical joint zones or"hill seans" are probably not the fundanental cause of the |ineanents.
In the deep Pikeville "canyon" cuts, the zones appear to be a geonorphic phenonenon produced by
gravitative spreading of strata-bound mechanical units separated by coal seams in the uppernost

100 neters of the topography. This origin nodel may have sone value in the prediction of these
mning and highway hazards.

(4) Conmmon joint orientation patterns persist vertically at given |ocations but may change abruptly
in a lateral direction. Domains of parallel joint set orientations are related at least in
part tothe directions of a number of subtle fold hinges evident in structural contour maps of
the area. These domai ns seem nuch nore closely akin to the trends of the Wst Virginia fold
belt and its southwestward ternination than to the Pine Mn. thrust trends.

(5) Coal joints may mimc locally the orientations of conmmon joints but they constitute a different

fracture domain which is probably of different age(s), Like the conmon joints, the donains of
coal jointing seemlinked to some of the subtle fold patterns evident in structural contour
maps.

(6) In the Pikeville-Prestonsburg traverse of the Big Sandy gas field, there is surprisingly little
evidence of the Pine Mn. thrusting stresses either in density of faulted surfaces, orientation
of the few faults present, strike of axial trends on structural contour maps, or of the pattern
of joint domains. The dominant brittle structural features seemnore closely related to the
West Virginia fold trends fading southwestward into irregular transverse structural contour
domai ns.
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A MopeL ForR THE ORIGIN OF MINOR FAULTS BENEATH THRUST SHEETS

David V. WItschko
Departnent of Geol ogy and M neral ogy

Uni versity of Mchigan, Ann Arbor, M 48109

ABSTRACT

The economically inportant Bales slice, a lower-plate thrust slice of the Pine Muntain bl ock,
Kentucky, Virginia and Tennessee, was produced by formation of a second ranping thrust fault joining
the uppernmost fault zone in Devoni an Chattanooga Shale and an inferred Iower fault zone in the Cam
brian Rone Formation to the exterior of the major southeasternnost ranp of the Pine Muntain block
(MIler, 1973). A force-bal ance mechanical nodel for the origin of this and other lower-plate faults
shows that the net force inposed on the |ower plate depends upon three quantities: 1) Aqi, the dif-
ference in shear strength between the upper and |lower fault-zone materials to the exterior of the
ramp; 2) Aq2, difference in shear strength between the ranp's fault zone and the lower fault zone;

3) bending resistance of the upper plate at the ranp. Aq: contributes to the state of stress in the
lower plate if the upper fault zone is significantly stronger than the lower fault zone. As lower-
fault-zone material is transported up the ranp, Aq; decreases since the same material wll conprise
upper and lower fault zones. Early in the devel opment of the ranp, Aqz is relatively large since
strong rocks are still juxtaposed on the ranp and therefore the difference in shear strength between
the ranp's conpetent fault zone and the inconpetent |ower fault zone will be large. A plane strain
linearly viscous nodel for upper-plate deformation shows that bending resistance inposes a nornal
stress on the ranp which is greatest at the niddl eoftheranp. Since bending resistance depends upon
the cube of thicknesgasthe increasingly thick wedge-shaped upper plate noves into the ranp, the bend-
ing resistance and inposed normal stress will increase.

| NTRODUCTI ON

Many major thrust faults are not sinple fractures but a systemof faults that have had different
histories on different branches. One of the best known exanples is the Pine Muntain and subsidiary
faults of parts of Kentucky, Virginia and Tennessee of the southern Appalachians (Fig. 1). In the
central part of the block, the fault which eventually outcrops as one fault is actually two faults
beneath Powel | Valley anticline;, the uppernmost one 1is called the Pine Muntain fault and the | ower
the Bales fault (Fig. 2, section bb'; conpare Harris, 1970 and MIler, 1973, Fig. 1). The slab of
lower-plate rock between the two faults, the Bales Slice, has noved about 4.8 km (Harris, 1970, p.
163), or perhaps less,in concert with the upper Pine Muntain block proper.

Bow did the Bales Slice and other lower-plate slices like it come about? Why did the Bales
fault ramp about 4 km beyond the ranp of the Pine Muuntain Fault? There are clearly two parts to its
evol ution, though not necessarily separated in tine. First, for the Bales Slice to nove, the |ower
Bales fault had to form  (MIler [1973, Fig. 1] has the sole fault from which the Bales fault
branched actually extend beneath the entire Pine Muntain block.) The Bales fault consists of a bed-
ding Plane portion as well as a ranp along which the Bales fault clinmbs fromthe Canbrian Rone For-
mation to the Devonian Chattanooga Shale. Second, novenent occurred on the Bales fault, noving the
slice up its ranp, and as a result warping the Pine Mountain fault above the slice.

Both the formation of the Bales fault and its novenent were controlled by the stresses inposed
on the lower plate by those rocks above. In order to focus on how these forces arose, a sinple
force-balance nodel is developed below. A conplete mechanical nodel was not attenpted. I nst ead,
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this nmodel is developed to elucidate the role of the various boundary stresses through tine in
raising the state of stress in the |ower plate. Therefore, the lower plate is considered to be a
rigid block bounded above and bel ow by fault zones as well as to the southeast by the ranp of the
Pine Mountain fault and to the northwest by a potential area of failure a distance L fromthe top of
the ranp of the Pine Muntain fault. The specific questions to be addressed are, 1) what was the
role of the relative strengths of the fault zones, the related problemof, 2) how does this affect
the distance fromthe top of the ranp at which the Bales fault ranps and finally, 3) what was the
role of the bending stresses inposed by the upper plate on the lower plate in raising the |evel of
stress in the lower plate?

THE MODEL

Faults in the lower plate in the vicinity of major ramps could have formed at the same tine as
ranps as a result of the same processes; stress transnitted fromthe interior of the nountain belt
caused failure in those rocks above the sole fault. However, the possibility also exists that
| ower-plate thrusts result from subsequent nmovenent of the upper plate where |arge stresses are
applied to the |ower plate through the upper plate's fault zone. Both possibilities will be
expl ored here.

The model is shown in Fig. 3. The heavy upper black line is the fault zone between the upper
and | ower plates whereas the lower lighter line is the horizon in which the sole thrust is devel oped.
For the Pine Muntain block, the upper fault is the Pine Muntain fault, ranping fromthe Canbrian
Rome to Devoni an Chattanooga Shal e, whereas the lower fault is the one inferred by MIler (1973) to
lie in the Canbrian Rome Fornation beneath the entire Pine Muntain block. The lateral |ength of
the Ranp is £ whereas the distance fromthe top of the ranp to the potential area where the ranp of
the lower fault nmay begin is given by L.

Summing forces in the horizontal (actually regional dip) direction yields

F=F +F +F -F (1)
qr qa P gb

where F is the force with which the |ower-plate rocks some distance L beyond the top of the ranp
nust exert to maintain equilibrium,¥ _ is the force due to the shear stress on the ranp caused by
novenent of the upper plate. F a is ¥the force due to shear stress on the upper fault zone beyond
the ranp, F_, is the force due*™ to shear resistance to novenent of the lower fault zone, E is
the force 9 i nposed on the |ower plate by the bending resistance of the upper plate at thepramp.

The expressions an and Fq are straightforward. They are:

b
- 2)
an - qaL ¢
Fab = 9L (3
or just the shear strengthsof the respective fault zones (q, and g ) which arise due to movement
times the length of the fault zone.
F, and F ., however nust be found by summing the resolved shear and normal bending stress
vectors (tractgons) on the ranp in the horizontal direction (Fig. 4):
28,
qu = qrcos(e)ds (4)
ZSo
FP = [psin(e)ds (5)

S, is half the arclength of the ramp, O the ranp dfp and ds a small increment of arclength,
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Since 28, = I, to a first appr oxi mati on
ZSo
F = AqlL + 20q,S, + psin(8)ds (6)
|
wher e
Bq; = q - q (7a)
Aq, = q, - q (7b)

Therefore, the force exerted on a vertical surface joining the upper and |ower fault zones a dis-
tance L fromthe top of the ranp (Fig. 3) is approxinmately equal to the product of the distance, L
and the difference in strengths of the upper and |ower fault zones plus the product of the paralle
to regional dip conponent of the force due to the difference in strength of the ramp fault zone and
the lower fault zone and the length of the ranp, plus the force due to bending resistance of the
upper plate on the ranp.

DI SCUSSI ON

There are three possibilities for the role of the relative strength of the upper and | ower
fault zones: beyond the ranp (1st term Eq. 6) the upper fault zone (q,) is 1) equal in strength to
2) weaker than, or 3) stronger than the lower fault zone (q,). For case 1), the first termof (6)
plays no role in determining the net traction F/d at any distance L fromthe topof the ramp (Fig
3); this sinple nodel would predict in this case no reason for a ramp in the lower fault zone to
take place at any distance from the major ranp. If the upper fault zone were weaker, however, the
first termin (6) is negative and an additional force nust be added at the ranp (second or third
termof Eqg. 6) to overcome the resistance of the lower fault. Under the |last case, novenent of
the upper plate inposes a force that exceeds the resistance of the lower fault zone and therefore
Ag, is greater than zero so that the traction F/d is larger further away fromthe top of the ranp.
In this case, Ag, has sone control on the distance fromthe top of the ranmp at which the net
traction is high enough to favor failure.

Each of these cases finds some support from either experinental data or geol ogical argunent
The experiments of Handin and Hager (1957) show that those shales they tested have simlar shear
strengths (one half the ultimate strength) both normal and parallel to bedding, inplying Ag, would
be small. WIlson (1970) however, concludes that shales with a higher degree of conpaction are
stronger. Therefore, the lower fault zone of Fig. 3 would be stronger and Aq, woul d be negative
Finally, the possibility exists that shale beconmes stronger with | arge ambunts of shear as a
result of processes such as loss of fluid pressure or strain hardening. In this case Ag, would be
positive and novenment of the upper plate would contribute to the state of stress in the |ower plate.
The fact that the Bales fault ranped a distance away fromthe top of the ranp supports this |ast
case

Aq, must be quite large during the initial stage of ranping of the upper plate when the com
petent upper plate rocks are still in contact with lower plate rocks across nuch of the ranp. I't
is nmost likely at this stage, then, that the second termin (6) plays the largest role in increas-
ing F/d. As a nunerical exanple, if the stratigraphic distance between the upper and |ower fault
zones is 2000 m (Rome - Chattanooga distance) and if the arclength (2S,) of the upper plate ranp is
about 11.3 km a conpressive traction of 4 kb (0.4 GPa) will be inposed on the 2000 m section if
q-qp = F/2S, = 4 kb * 2 km/11.3 km = 708 b (70.8 MPa), or if the value of Aq, is 1/6 that of the
block. Thus, in the early stages of movement, when . is significantly larger than q,, stresses are
hi gher than perhaps at any other time; Ag, decreases with notion of the upper plate gecause weak
fault-zone shale is brought up by the upper fault and separates the upper and lower plates (Fig. 2).
qu plays an early role in the formation of |ower-plate faults

The effect of bending resistance, the last termin (6) increases with ranp dip, upper-plate
thickness and fault-zone strength. The normal stress p is given by (WItschko, 1978):

p= 908[% sin(Bs) - r\th(l-A)VBCOS(Bs)] + %_E_ )
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wher e
- IL
B = 5. (9a)
A= 1 (9b)
1+ 0B Mo
6 Nt

Vis the velocity of novenent of the upper plate, 6, the maxinumdip of the ranp, P the force driv-
ing the thrust sheet forward (in the s-direction); Ny and n, are the conpression and shear viscos-
ities (Biot, 1965), h the thickness of the upper plate and Q&/8s the gravitational term P is in
turn given by

ZSo
P =25,q, +1JS + 130 , +P, (10)
- 98
_ 1 3un2pY
J=37nh VB2R"AS, (11)

The third termon the right in (10) is the gravitational term and I;is the force that nust be
exerted at the top of the ranp to nmove all those rocks in front of the ranmp. For typical Pine
Mountain bl ock paraneters (WItschko, 1978) Fos combining (8), (9), (10) and (11) in (5), can
be of the same order of magnitude as qu. See Fig. 5.

The effect of the ranp dip, 6, may be seen in(ll). Alarger ranp dip for the same ranmp length
results in a nmore abrupt ranp and thus a |arger normal stress on the |ower plate. The thickness of
the upper plate appears as the cubein (11) and thus in P and p. As the increasingly thick wedge-
shaped upper plate noves into the ranp, the bending resistance will increase, perhaps significantly.
Therefore, p will increase with displacement of the thrust sheet since the stratigraphic wedge of
which it is a part increases in thickness in the direction fromwhich the thrust sheet noves.

The normal stress on the lower plate, p, is also increased through P by q,. and q, because P
nmust be increased to overcone larger fault-zone strengths at a constant displacenent velocity.
Therefore, if shales becone stronger with deformation, not only will Ag, increase, but also p,
if the same velocity of nmoverment of the upper plate is maintained. Consequently, other than the
initial stage of ramping of the nmjor thrust fault, the other nost likely time of formation of
the Bales slice and other subsidiary Iower plate splays is later in the major thrust sheet's
devel opment when either the upper fault zone gains strength such as by loss of fluid pressure and/or
as an increasingly thick upper plate inposes an increased normal stress due to bending on the ranp.

SUMVARY

Since the reason why thrust faults ranmp where they do is poorly understood, the possibility
exists that the Bales fault formed early by the same processes that formed the nain sout hwest ranp
of the Pine Muntain block; formation of and novement on the Bales fault could have taken place
concurrently with that of the Pine Muntain fault itself.

However, there are several potential processes which take place with novenent that could al so
give rise to lower-plate faults:

1) High shear stresses across the major fault early in its novement history;

2) Increase in strength of the upper fault zone, whether by loss of fluid pressure or work
hardening of the naterials in the fault zone;

3) Bending resistance of the upper plate.
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and c-c" are shown in Figures 2a, 2b and 2¢, respectively.

Mountain block are Powell Valley anticline (unhatched) and Middlesboro syncline.
b-b*",

Figure 1. Pine Mountain block. The two main structural features of the Pine
Sections a-a“",

The Pine Mountain block trends approximately N60E. From Wiltschko (1978).
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ORIG N OF M NOR FAULTS BENEATH THRUST SHEETS
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Figure 3. Force-balance model. Forces which act on upper fault zone (heavy black
line) and lower fault zone (lower line) which must be resisted by strength

of lower plate rocks. d is the height of the ramp, L the length of the flat,

and 1 the lateral length of the ramp.
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Figure 4. Forces on the ramp.
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Figure 5. Forces imposed on ramp due to bending (top line) and shear (bottom).
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FRACTURES RELATED TO MAJOR THRUSTS--POSSIBLE ANALOGUES
TO TECTONICALLY FRACTURED CHATTANOOGA SHALE IN TENNESSEE

MLIC, Robert c¢.} Tennessee Division of Geol ogy
Knoxvill e, Tennessee 37919

STATLER, Ant hony T.% Tennessee Division of Ceol ogy
Nashvill e, Tennessee 37219

ABSTRACT

In places southern Appal achian thrust blocks, both hanging walls and footwalls,
are extensively fractured adjacent to the major faults. Fractures are conmonly a
m xture of extensional and contractional faults generated by tensional, compression-
al and shear stresses. Detachnents are closely controlled stratigraphically, espe-
cially by coal beds in the Cunberland Pl ateau and by shale units in the Valley and

Ridge. In the southern Cunberland Pl ateau and southwestern Valley and Ridge of Ten-
nessee the Pennington-G zzard stratigraphic interval is the preferred zone for upper
| evel decollement. In the northern Cunberland Plateau and northwestern Valley and

Ri dge of Tennessee the Chattanooga Shal e commonly |ocalized upper |evel thrusts.

Near and bel ow the Pine Muntain block in Tennessee and Virginia, and in the footwall
of the Cinchport thrust near Sneedville, Tennessee, the Chattanooga is tectonically
fractured. Seismc surveys in the northwestern Tennessee Valley and R dge suggest

that these fractured zones extend beneath major thrusts, where they may be suitable
traps for natural gas.

| NTRODUCTI ON

The Tennessee Division of Geology, under contract (No. Ev-76-C 05-5196) with the
U S. Departnent of Energy is attenpting to determne if tectonically fractured Chat-
tanooga Shale lies beneath thrusts of the southern Appal achian Valley and Ridge

province (Fig. 1). The Chattanooga Shale is potentially both a source and a reser-
voir for natural gas.

Anal yses of several sanples collected by the Division of Geology in the north-
western Valley and Ridge indicate that the Chattanooga would yield between 3.0 and
4.3 gallons per ton of oil. A dianond drilling programcurrently in progress (Apri
1978) is designed to provide additional stratigraphic and chemcal data for the
Chattanooga Shale in eastern Tennessee.

Devoni an bl ack shal es produce gas in parts of Chio, West Virginia, eastern Ken-
tucky and southwestern Virginia (Fig. 1). The shale yields natural gas on the Pine
Mountain bl ock in southwestern Virginia (Young, 1957). A thin zone of intensely de-
formed beds near the base of the Devonian shale section contains gas under high
pressure. This zone, known as the bl owout zone, serves as the glide plane for part
of the Pine Mwuntain block. Simlar tectonically fractured beds were tested by

well's in eastern Tennessee (Fig. 1). In some of the wells gas was encountered under
hi gh pressures in deformed Chattanooga Shale. COther wells containing fractured
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Chattanooga Shale were dry, and presumably any previously existing gas had escaped.

The extent of tectonically fractured Chattanooga Shale in the Tennessee Valley
and Ridge is unknown. It is likely that the Chattanooga lies beneath nuch of the
Pine Muntain block (Harris, 1970) and perhaps over a considerable area beneath
thrust sheets in the northern part of the Tennessee Valley and Ridge. Tectonically
fractured Chattanooga Shale exposed near Sneedville (Fig. 2) may be related either
to a bedding thrust that extends in the shale beneath the younger M ssissippian rocks
of Newran Ridge or to footwall deformation along the Cinchport fault (Harris and
Mller, 1963; Harris and Mixon, 1970).

The purPose of this paper is to summarize sone of the existing data concerning
fractures related to thrust faulting Tennessee, because it is anticipated that the
Chattanooga Shale mght contain simlar structures where it is in tectonically sim-
lar situations at depth

FRACTURES RELATED TO OVERTHRUST FAULTI NG

Harris and Mlici (1977) devel oped a general nodel for nesoscopic deformation
observed in thrust sheets in the southern Appalachians (Fig. 3). In sone places
they found that thrust sheets above decol |l enent could be divided into a | ower broken
formati on zone and anupper zone of fracture, which graded vertically into relative-
|y undeformed strata.

I n general, broken formation zones of thick tectonic breccia consist of conplex-
|y fractured and folded strata.  Sandstones appear crushed and are cut by many smal|
fractures that in places obliterate bedding. Shales are tectonically thickened and
thinned by numerous fractures. Shale beds are commonly intricately folded and in
pl aces contain fracture cleavage and kink bands. Broken fornmation zones are ex-
posed in a nunber of places along the upper |evel decollenents of the Tennessee
Cunberland Plateau. However, broken formations are exposed in only a few places on
the hanging walls of thrusts in the Valley and Ridge, where the zone is presuned to
have been general |y abandoned at depth along the toes of tectonic ranps (Harris and
Mlici, 1977). A broken formation zone was described in the Blue Ridge by Mlici
(1978a), but there is overlain by folded rather than fractured beds.

The zoneof fracture contains amxture of extensional and contractional faults
described by Harris and Mlici (1977, p. 25-26) as varieties of splay thrusts and
normal faults (Fig. 3). This mxture of extensional and contractional faults is
wi despread in the hanging walls of southern Appal achian thrust sheets. In addition
to the localities described by Harris and MIlici (1977) in the Cunberland Pl ateau
and Valley and Ridge of northern Tennessee and southwestern Virginia, Mlici (1978
b, c) described simlar structures in the Whiteoak Mountain synclinoriumand in a
fault slice along the toe of the Blue Ridge.

The m xture of tensional and conpressional structures is related to the devel op-
ment of differential stresses, and can be explained in terns of thrust sheets noving
over obstacles or irregularities in the decollement zone during deformation. Com
puter generated cross sectional nodels of stress fields in thrust sheets, which
show that zones of tension develop in the hanging wall near obstacles at the base of
t he model, may in fact be analogues to stress fields that devel oped in nature (Advani
GangaRoo, Chang, Dean and Overbey, 1977) (Fig. 4).
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AREAS POTENTI ALLY FAVORABLE TO THE DEVELOPMENT OF TECTONI CALLY
FRACTURED CHATTANOOGA SHALE |N EASTERN TENNESSEE

Maj or Appal achian thrusts rise from decollement in Canbrian shales, first cut-
ting diagonally across overlying conpetent carbonate sequences and then flattening
as upper level decollenents in shaly formations such as the Athens or Sevier (Odo-
vician), Rockwood (Silurian), Chattanooga (Devonian-M ssissippian), Pennington
(M ssissippian) or Gzzard (Pennsylvanian).

The Chattanooga serves as an effective upper decollenent glide zone in Tennes-
see and southwestern Virginia where it is greater than 50 feet thick (Fig. 5). To
the southeast, where the Chattanooga is thin, thrust faults bypass the Chattanooga
on thedranps, refracting instead into the bedding of the overlying Pennington or
G zzard.

It is probable that deformation in the bedding of the Chattanooga Shale beneath
the Pine Muntain block is similar to deformation observed el sewhere in surface de-
col lements, i.e. the blowout zone described by Young (1957) is a broken formation
that would be overlain by a zone of fracture (Fig. 6).

Seismic cross sections prepared by Geophysical Service Inc. were made primarily
to determine the location of the Chattanooga Shale beneath Valley and Ridge thrust
sheets (Tegland, in press; Mlici, Harris and Statler, in preparation). Two |ines,
designated K-1 (South)-TC-1 and TC-2 extend en echelon from the Pine Muntain bl ock
to the Blue Ridge (Fig. 1). Interpretations of segnents of these |ines which cross
the Saltville fault suggest that there is a sizeable area where tectonically frac-
tured Chattanooga Shale may exist at shallow depths beneath the thrust sheet

(Fig. 7).
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FIGURE 2. Tectonically fractured Chattanooga Shale at Sneedsville, Tennessee.
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FIGURE 3. CGeneral nodel for mesoscopic defornation observed in southern Appal achian thrust

sheets (fromHarris and Milici, 1977, plate 5).
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anal ysis (Advani, GangaRao,, Chang, Dean and Overbey, 1977, Figure 7a).
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FIGURE 6. Interpretation of the blowut zone beneath the Pine Muntain block in terms of the

general nodel for nmesoscopic deformation. The blowout zone is a broken formation.
A zone of fracture probably lies in the Devonian beds above. See Figure 1 for

| ocation of cross sections (cross section AA'" fromHarris, 1970; cross section BA
from Young, 1957).
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WEST-TO-EAST (BREAK-BACK) IMBRICATION OF THE ALLEGHANIAN ALLOCHTHON
IN THE SOUTHERN APPALACHIAN PLATEAU AND VALLEY AND RIDGE

MILICI, Robert C.,! Tennessee Division of Geology
Knoxville, Tennessee 37919

ABSTRACT

The formation and distribution of southern Appalachian low angle thrusts is controlled by
regionally developed lithotectonic units. A lower lithotectonic unit of terrigenous clastics is the
site for lower decollement. Overlying carbonates are cross cut by tectonic ramps, and an upper
terrigenous clastic unit contains upper level decollements. An analysis of fault patterns, confirmed
both by the general absence of rotational effects along closely spaced faults, and by structural
truncations in seismic cross sections, indicates that the sequence of imbrication of the Alleghanian
allochthon was from west to east. Regional distribution of strata on the hanging walls of the major
thrusts, together with data from seismic cross sections, is evidence that the basal decollement
migrates upward from west to east across the Valley and Ridge.

INTRODUCTION

In the southern Appalachians closely spaced imbricate thrusts extend from near the northern
end of the Saltville fault in Virginia, southwestward across Tennessee into Georgia and Alabama,
where they are overridden by the westward bend of the low-angle Rome thrust block (Fig. 1). In an
earlier paper |showed how patterns of overlapping thrust blocks and fault intersections suggested
that an Alleghanian allochthon, sliding above a regional decollement in Cambrian strata, broke first
along its toe in the Cumberland Plateau and then imbricated from west to east, from the Plateau
across the Valley and Ridge to the Blue Ridge (Milici, 1975). Itis the purpose of this paper to
present additional lines of reasoning in support of this thesis, and to show how this sequence of
fracturing can be assembled into a general model for Alleghanian deformation.

An understanding of the sequence of imbrication bears directly on interpretations concerning
the mechanism of thrust implacement (gravity sliding vs. tectonic compression) and on the ultimate
source of the deformational forces, i.e., continental collision vs. subduction (Milici, 1975).
Furthermore, interpretations of structural patterns in the southern Appalachians may provide a basis
for interpreting structural patterns in other mountain ranges.

RELATIONSHIP OF STRUCTURE TO REGIONAL FACIES

The Paleozoic stratigraphic sequence in the southern Appalachians can be divided into three
gross regionally developed lithotectonic units (Fig. 2). Lithotectonic units are groupings of
stratigraphic sequences that have yielded collectively and in the same way to the forces of defor-
mation (Jacobeen and Kanes, 1974, 1975). These gross lithotectonic units control both the formation
and the distribution of an integrated system of decollements and tectonic ramps throughout the
southern Appalachians (Milici and Harris, 1976; Harris and Milici, 1977).

The lower lithotectonic unit is composed of terrigenous clastics of the Rome Formation and
Conasauga Group (Cambrian). The middle lithotectonic unit consists mostly of carbonates that range
in age from Cambrian to Lower Ordovician along the eastern side of the Valley and Ridge, and from
Cambrian to Mississippian along the western Valley and Ridge and in the Plateau. The carbonate
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sequence is in turn overlain by an upper lithotectonic unit that is composed mostly of terrigenous
clastics. These clastics range in age from Middle Ordovician on the east to Pennsylvanian on the
west. Both upper and lower terrigenous lithotectonic units are sites for regional decollements,
and these are connected by tectonic ramps that cut diagonally across the intervening carbonate unit.

Seismic cross sections (for example Harris, 1976; Snelson, 1976; Milici, Harris and Statler,
in preparation) show that a subhorizontal master decollement lies within the lower lithotectonic
unit beneath both the Valley and Ridge and the Plateau. In the Plateau, ramps and upper level
decollements are developed in subhorizontal strata. In contrast, in the Valley and Ridge ramps cut
across previously folded carbonates, and upper level decollements follow previously tilted beds
(Fig. 3).

RELATIVE AGES OF THRUSTS

The relative ages of faults (defined as their time of last large scale movement) can be
determined from an analysis of intersecting fault patterns and the geometry of contiguous fault
blocks. In addition, the rotational effects (or absence thereof) of inclined tectonic ramps on
their neighbors can be used to establish sequences of movement of both intersecting and non-
intersecting“but closely spaced thrusts.

Intersecting fault patterns displayed at the present level of erosion are either in the upper
decollement position or are along tectonic ramps. In an earlier paper 1 classified fault inter-
sections into four major types, A, B, T, and X (Milici, 1975). A and T intersections develop where
older thrusts are overridden and buried from the east by the next succeeding thrust block, so that
the thrusts intersect at an acute angle (A-intersection) or nearly at right angles (T-intersection).
The X-intersection forms where cross faults cut across the strike of the Appalachians, thereby
off-setting the traces of the major Appalachian thrusts. B-intersections are hypothetical and are
supposed to form where younger faults rise from beneath and off-set older faults.

A-intersections are the dominant type of fault intersection in the southern Appalachians, and
these can be classified into four groupings (Fig. 4). A-intersections form where tectonic ramps
intersect at an angle (Fig. 4A), where thrusts rugture along the zone of inflection at the tops of
ramps as they flatten into clastics of the upper 1ithotectonic unit (Figs. 4B and 4C), and where
upper level low angle thrust blocks ride subhorizontally one over another (Fig. 4D).

From an analysis of A-type fault intersections , where older faults are overridden and buried
from the east by the next succeeding thrust block, it is evident that movement of the overridden
blocks must have ceased across the Valley and Ridge in a west-to-east sequence.

IT instead, an east-to-west imbrication had occurred then younger faults would either rise
from beneath and off-set older faults (thereby forming B-type fault intersections, Fig. 5A), or
non-intersecting faults would rise to the surface somewhere to the west of the older thrust faults.
Movement along these hypothetical younger faults would result in piggy-back transportation and
progressive rotation of the older thrust blocks as a succession of younger faults ramped upward
on the west (Figs. 5, 6).

Rotational effects that are evidence of an east-to-west sequence of thrusting would be best
displayed where major thrusts intersect along the ramp position so that piggy-backed fault blocks
would be steepened by movement up the ramp (Fig. 5E). In this case, as the fault intersection is
approached along the strike of the more easterly fault block, there would be a marked increase in
the dip of the hanging wall formations. In examples (such as near the intersection of the Wallen
Valley and Clinchport faults) oversteepening is not observed, further evidence that rotational
processes are not operative and that thrust blocks are not piggy-backed by movement along faults
to the west. If thrust blocks have not been rotated, then local steepening is related to other
factors, such as the cross cutting of previously inclined (rather than subhorizontal) footwall beds.
From the foregoing we can conclude that both evidence from fault intersections and the absence of
rotational effects along closely spaced thrust faults supports the concept of a west-to-east sequence
of imbrication in the thrust faulted southern Appalachian Plateau and Valley and Ridge.

EVIDENCE FROM SEISMIC CROSS SECTIONS
A general theory for Alleghanian deformation of the southern Appalachians must consider both
the relative sequence of implacement of thrust blocks and the apparent upward migration of detach-
ment within the lower lithotectonic unit. Harris (1976) in his interpretation of a seismic profile
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across part of the western Valley and Ridge of Tennessee showed that from west to east thrust
faults form in progressively higher stratigraphic levels within the basal decollement. This upward
migration of thrust faults within the Cambrian clastic sequence results in a general eastward
thickening of the decollement zone"as large masses of the Rome Formation and Conasauga Group are
abandoned in the subsurface (Harris and Milici, 1977).

This observation is confirmed by analysis of the regional distribution of formations along
the hanging walls of the major thrusts (Fig. 7). With minor exception, the Rome Formation is
prominent along hanging walls of major thrusts to the west, and the Conasauga or Knox along hanging
walls of major thrusts to the east, additional evidence that the stratigraphic position of detach-
ment rises from west to east beneath the Valley and Ridge.

A survey of available seismic data does not show structures deep in the tectonic pile rising
from beneath and deforming overlying thrust sheets. Instead, along a segment of line TC-2 in
eastern Tennessee the Saltville fault clearly truncates earlier formed structures beneath it
(Milici, Harris and Statler, in preparation) (Fig. 6,CC').

We can conclude, therefore, that the older thrusts are deeper in the tectonic pile and rise
to the surface farther to the west than the younger faults. Cross sectional shapes of the thrusts
are concave upward, so that the Alleghanian allochthon appears to consist of a series of elongate
nested slabs. Observable structure consists of subhorizontal upper level decollements on the west
in the Plateau, a series of closely spaced tectonic ramps and inclined decollements in the western
and central parts of the Valley and Ridge, and subhorizontal upper level decollements along the
eastern side of the Valley and Ridge and along the toe of the Blue Ridge (Fig. 8).
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graphic provinces are shown in inset. CPO-Cumberland Plateau overthrust; PMB-Pine
Mountain block; SV-Sequatchie Valley fault; RK-Rockwood fault; C-Chattanooga fault;
WV-Wallen vValley fault; K-Kingston fault; CP-Clinchport fault; CC-Copper Creek fault;
R-Rome fault; BV-Beaver Valley fault; S-Saltville fault; KN-Knoxville fault; DVA-Dumplin
Valley anticlinorium; P-Pulaski fault; GS-Great Smoky fault; CV-Cartersville fault.
Numbers refer to examples of fault intersections described in Fig. 4.
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WEST- TO- EAST (BREAK-BACK) IMBRICATION OF THE ALLEGHANIAN ALLOCHTHON IN THE SOUTHERN
6 APPALACHIAN PLATEAU AND VALLEY AND RIDGE

FIGURE 2. Generalized relationship of regional facies to major decollement levels and cross
cutting tectonic ramps in Southern Appalachians.
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FIGURE 3.
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Generalized cross sections showing sequence of break-back deformation in Plateau and
Valley and Ridge. A, linear folds, such as Powell Valley and Sequatchie Valley anti-
clines, develop at (a) above lower decollement; B, fold steepens and is faulted; C,
fault cuts from lower decollement across carbonate ramp into upper decollement shales,
footwall beds are flat, hanging wall beds are inclined, next fold starts to develop at
(b); D, thrust at (b) cuts across inclined ramp beds and enters inclined upper
decollement-level shales, next fold starts to develop at (c). Adapted from Harris
(1976, Fig. 5).
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WEST- TO- EAST (BREAK-BACK) IMBRICATION OF THE ALLEGHANIAN ALLOCHTHON IN THE SOUTHERN
8 APPALACHIAN PLATEAU AND VALLEY AND RIDGE
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A-INTERSECTION, A-INTERSECTION,
LEADING EDGE BREAK-BACK LOW ANGLE THRUST FAULTING

FIGURE 4. Varieties of A-type fault intersections. A, example is intersection of Clinchport and
Wallen Valley faults (Fig. 1, location 1); B, example is the relationship of Hunter
Valley to Clinchport fault (Fig. 1, location 2); C, example is the relationship of the
Rockwood to the Chattanooga fault (Fig. 1, location 3); D, example is relationships of
several thrusts near intersection of Pulaski and Great Smoky faults (Fig. 1, location 4).
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FIGURE 5. A, block diagram of hypothetical type B-fault intersection, no examples known; B, C, D,

hypothetical east-to-west sequence of faulting showing cumulative effects of rotation
of fault block (a) by piggy-back movement along (b) and (c); E, block diagram showing
steepening of beds that must take place where faults intersect along tectonic ramps,

compare with map pattern of intersection of Wallen Valley and Clinchport faults
(Hardeman and others, 1966).
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FIGURE 6. Cross section AA", shows possible rotation of Beaver Valley and Saltville fault blocks
by movement of Copper Creek fault block up ramp; however, Knoxville fault block shows no
effects of rotation. Cross section BB' shows absence of rotational effects in closely
spaced thrusts (Modified from Rodgers, 1952). Cross section CC" is an interpretation of

a segment of seismic line TC-2 (Milici, Harris and Statler, in preparation). See
Figure 1 for location of sections. Scale is same for BB' and CC".
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FIGURE 7. Diagram showing distribution of oldest formations on hanging wall of thrusts in Plateau,

Valley and Ridge and Blue Ridge of Tennessee and parts of adjacent states.

FIGURE 8. Generalized diagram showing sequence of faulting and upward migration

from the Plateau to Blue Ridge in the Southern Appalachians.

LDL, lower decollement level; UDL, upper decollement level.
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